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ABSTRACT 

The Loran-C t iming  and nav iga t ion  concept  and i t s  implementat ion 
i n  t h e  form of t h e  Loran-C system has  taken  on cons ide rab le  importance 
i n  a v a r i e t y  of m i l i t a r y  and c i v i l i a n  a p p l i c a t i o n s  such as microsecond 
clock synchron iza t ion ,  p r e c i s i o n  t a c t i c a l  o r  c i v i l  nav iga t ion ,  etc.  
Fu tu re  a p p l i c a t i o n s  l i k e  t y i n g  t o g e t h e r  s o n t i n e n t a l  su rveys ,  a i r c r a f t  
c o l l i s i o n  avoidance,  e t c . ,  have y e t  t o  be explored  i n  d e t a i l .  This  
work traces t h e  development of t h e  Loran-C concept  from i t s  i n c e p t i o n  
as a 100-kHz p u l s e  hype rbo l i c  nav iga t ion  system t o  more r e c e n t  t i m e s  
when it found a v a r i e t y  of a p p l i c a t i o n s  t o  both  t iming  and nav iga t ion .  
This  work i s  in tended  t o  p r e s e n t  t h e  s t o r y  of Loran-C i n  a r eadab le  
and unders tandable  way wi thou t  r e s o r t i n g  t o  t h e  complicated mathematical  
formula t ion  of the theo ry  or d e t a i l e d  in s t rumen ta t ion  a s p e c t s .  Thus, 
t h e  h i s t o r y ,  exper imenta l  and t h e o r e t i c a l  developments, p o l i t i c a l  de- 
c i s i o n s ,  and f i e l d  t e s t i n g  of t h e  e a r l y  equipment are desc r ibed  and 
t h e  l e s sons  l ea rned  can c e r t a i n l y  be a guide  f o r  modern development of 
t h e  system i n  a l l  i t s  d e t a i l e d  a p p l i c a t i o n s .  

Key words: Cyclan; Cytac; Loran; Loran-C; low f requency ,  nav iga t ion ;  
p u l s e  propagat ion;  r a d i o  p o s i t i o n i n g ;  t i m e  d i s semina t ion ;  
t i m e  t r a n s f e r  system. 
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FOREWORD 

This  document w a s  w r i t t e n  whi le  t h e  au thor  was a s s o c i a t e d  wi th  t h e  
I n s t i t u t e  f o r  Telecommunication Sc iences ,  Of f i ce  of Telecommunications, 
Department of Commerce. T o  t h e  e x t e n t  t h a t  t h e  au thor  i s  d e s c r i b i n g  h i s  

own work and t h a t  of h i s  a s s o c i a t e s ,  he i s  r e f e r r i n g  t o  work done w i t h i n  
t h e  Nat iona l  Bureau of S tandards ,  Department of Commerce, p r i o r  t o  t h e  

formation of t h e  Of f i ce  of Telecommunications. Since t h e  p repa ra t ion  of 
t h e  t e x t  was suppor ted  by t h e  Of f i ce  of Telecommunications, it was submi t ted  
f o r  p u b l i c a t i o n  w i t h i n  t h a t  o rgan iza t ion  under t h e  t i t l e ,  "The Development 
of Loran-C". The consensus of reviewers  and Of f i ce  of Telecommuniations 
a d m i n i s t r a t o r s  was t h a t  i t  would be more appropr i a t e  f o r  t h e  book t o  be 

publ i shed  by t h e  Nat iona l  Bureau of S tanda rds ,  t h e  o rgan iza t ion  r e spons ib l e  
f o r  t h e  c o n t r i b u t i o n s  t o  Loran-C. 

Bob Doherty of t h e  Of f i ce  of Telecommunications approached m e  wi th  t h e  
sugges t ion  t h a t  NBS should complete t h e  work on t h e  manuscript  w i th in  t h e  
framework of a c o n t r a c t  t o  provide  informat ion  on t i m e  and frequency s u b j e c t  
t o  t h e  A i r  Force Communications Se rv ice .  I n  view of t h e  p r e s e n t  extreme 
i n t e r e s t  i n  t h e  c lock  synchroniza t ion  c a p a b i l i t i e s  of Loran-C, it was obvious 
t h a t  t h e  document would be a va luab le  ou tpu t  of t he  p r o j e c t .  P o r t i o n s  of 
t h e  s e c t i o n  on Loran-C t iming  were expanded, b u t  o therwise  t h e  a u t h o r ' s  

comments and op in ions  are p resen ted  i n  t h e i r  o r i g i n a l  form. 

A f u r t h e r  word needs t o  be s a i d  about  Bob Doherty, f o r  wi thout  h i s  
e f f o r t s  it i s  doub t fu l  t h a t  t h i s  volume would e v e r  have reached p u b l i c a t i o n .  
Bob has  been deeply involved i n  t h e  propagat ion  a spec t s  of Loran-C s i n c e  the 
Cytac f i e l d  tes ts  i n  1954, and has  made va luab le  c o n t r i b u t i o n s  i n  t h a t  re- 
gard.  S ince  M r .  He f l ey ' s  r e t i r e m e n t ,  Bob has  coord ina ted  e f f o r t s  t o  b r i n g  
t h i s  book t o  a s t a t e  of r ead iness  f o r  p u b l i c a t i o n ,  i nc lud ing  working wi th  
reviewers. Ralph J o h l e r  of t h e  O f f i c e  of Telecommunications a c t e d  a s  t h e  
p r i n c i p a l  reviewer of t h e  manuscript .  

Work i n  t h e  l a s t  s t a g e s  of completion of t h e  manuscr ip t  w a s  conducted 
under t h e  sponsorsh ip  of t h e  D i r e c t o r a t e  of Communications Engineer ing ,  
COMSEC/Data Systems Div i s ion ,  A i r  Force Communications Se rv ice .  

L .  E .  Gatterer, 
Nat iona l  Bureau of S tandards  
June 2 ,  1 9 7 2  
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Loran-C development i s  t r a c e d  from i t s  i n c e p t i o n  t o  p r e s e n t  
day Loran-C (a 100-kHz p u l s e  hype rbo l i c  nav iga t ion  sys t em) .  This  
w r i t i n g  d e s c r i b e s  t h e  system development and many of t h e  propaga- 
t i o n  f i n d i n g s  i n  a very  r eadab le  and unders tandable  way. This  
should be of g r e a t  va lue  t o  those  n o t  concerned wi th  complex 
propagat ion  theo ry ,  d e t a i l e d  mathematical  fo rmula t ions ,  o r  involved  
in s t rumen ta t ion  a s p e c t s .  Propagat ion r e sea rch  necessary  t o  f u r t h e r  
improve t h e  system i s  a l so  o u t l i n e d  i n  t h e  t e x t .  

Although.1 have n o t  been involved  wi th  t h e  h i s t o r i c a l  evolu-  
t i o n  of t h i s  system n e a r l y  as long  a s  the  a u t h o r ,  I have been 
c l o s e l y  r e l a t e d  t o  propagat ion  a s p e c t s  of  Loran-C s i n c e  t h e  Cytac 
f i e l d  tes ts  i n  1 9 5 4 .  I t  was i n t e r e s t i n g  t o  r e a d  about  t h e  h i s t o r y ,  
exper imenta l  and s c i e n t i f i c  i n p u t s ,  and p o l i t i c a l  d e c i s i o n s  t h a t  
i n f luenced  t h e  development b e f o r e  t h a t  t i m e .  For t h e  pe r iod  fol low- 
i n g  t h e  1 9 5 4  f i e l d  tests,  r ead ing  t h e  book w a s  l i k e  r e l i v i n g  many 
int-res+-inq exoe r i ences .  Equipment d e s c r i p t i o n s  conta ined  h e r e i n  
a r e  p r i m a r i l y  f o r  h i s t o r i c a l  background and consequent ly  do no t  
cover  r e c e n t  equipment developments i n  t h e  la te  60's and e a r l y  
70's. 

Robert  H .  Doherty 
Of f i ce  of Telecommunications 
J u l y  1, 1 9 7 1  
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PREFACE 

Present-day l o r a n ,  more p r e c i s e l y ,  Loran-C*, i s  t h e  r e s u l t  o f  more than  

25 y e a r s  of  system development. The need f o r  a long-range, high-accuracy 

rad io  nav iga t ion  s y s t e m  w a s  c r i t i ca l  f r o m  the beginning  of W W I I .  Conventional 
methods of '  nav iga t ion  a t  t h a t  t i m e  w e r e  v i r t u a l l y  u s e l e s s  f o r  convoys and a i r -  
c r a f t  on anti-submarine p a t r o l  i n  t h e  North A t l a n t i c  du r ing  f o g  and foul 
weather.  

The f i r s t  and m o s t  wide ly  known lo ran  system used t h e  frequency band 

j u s t  below 2 MHz. For a l l  p r a c t i c a l  purposes ,  t h e  f i r s t  system w a s  u s e f u l  
over  sea water only  due t o  t h e  h igh  rate of a t t e n u a t i o n  of t h e  2-MHz s i g n a l  
over  land .  A t  t h a t  t i m e ,  however, t h e  p r e s s i n g  need w a s  f o r  nav iga t ion  a t  
sea and t h e  system s a t i s f i e d  t h a t  need ve ry  w e l l .  For many y e a r s  i t  w a s  
c a l l e d  "Standard Loran" b u t  i s  now des igna ted  "Loran-A" . 

A comprehensive t r ea tmen t  of t h e  l o r a n  development up t o  t h e  end of 
W W I I  i s  given by P i e r c e ,  McKenzie and Woodward i n  "Radia t ion  Labora tory  
Series",  v o l .  2 ,  pub l i shed  i n  1948. A condensed account of t h e  w a r t i m e  
system development and some of t h e  postwar re f inements  i s  g iven  by 
S a n d r e t t o  i n  h i s  book, " E l e c t r o n i c  Aviga t ion  Engineer ing" ,  pub l i shed  i n  
1958. 

The m e r i t  of t h e  w a r t i m e  system i s  evidenced by t h e  f a c t  t h a t  it i s  
s t i l l  i n  service i n  many areas. Of course  numerous improvements have been 
made b u t  t h e  system w e  know today as Loran-A i s ,  i n  a l l  major r e s p e c t s ,  
i d e n t i c a l  t o  t h e  one which was f i r s t  f l i g h t - t e s t e d  i n  1 9 4 2 .  By t h e  end 

of WWII, over  70 t r a n s m i t t i n g  s t a t i o n s  were i n  o p e r a t i o n  p rov id ing  navi- 
g a t i o n a l  coverage ove r  n e a r l y  one - th i rd  of t h e  e a r t h ' s  s u r f a c e .  Approxi- 

mately 7 5 , 0 0 0  r e c e i v i n g  equipments had been b u i l t  and d e l i v e r e d  by s e v e r a l  
manufac turers ,  and t h e  Hydrographic Of f i ce  had prepared  2 . 2 5  m i l l i o n  

l o r a n  c h a r t s .  

* The t e r m  Loran -C  has  several d i f f e r e n t  e s t a b l i s h e d  usage forms 
(Loran-C, Loran C ,  l o ran  C ,  LORAN C ,  LORAN C ,  LORAN-C, e t c . )  
b u t  t h e  form used i n  t h i s '  p u b l i c a t i o n  adheres  t o  t h a t  classi-  
c a l l y  used by t h e  U.S. Coast Guard. This  w a s  done s i n c e  t h e  
t h e  Coast Guard o x i g i n a t e d  t h e  terms Loran-A, Loran-B, Loran-C, 
Loran-D, e t c . ,  i n  c o n t r a s t  t o  t h e  term lo ran  which w a s  an acro- 
nym s t a n d i n g  f o r  long range nav iga t ion .  The t e r m  l o r a n  i s  de- 
s i g n a t e d  e n t i r e l y i n  lower case by e s t a b l i s h e d  procedure  s i m i -  
l a r  t o  t h e  common usage of t h e  s imi l a r  acronym r a d a r .  I n  keep- 
i n g  wi th  t h e  Coast Guard p o l i c y ,  a l l  o t h e r  s p e c i f i c a l l y  named 
systems ( i . e . ,  Cytac ,  Cyclan, LF Loran, e tc . )  t h e  f i r s t  l e t t e r  
of  t h e  name i s  c a p i t a l i z e d .  
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Toward t h e  end of WWII, m i l i t a r y  requi rements  demanded n a v i g a t i o n a l  

coverage over  land  and a t  g r e a t e r  ranges  than  p rev ious ly  r equ i r ed .  
requirements  were n o t  s a t i s f i e d  u n t i l  long a f t e r  t h e  c e s s a t i o n  of h o s t i l i -  
t ies  b u t ,  b road ly  speaking ,  t hose  requi rements  i n i t i a t e d  a series of de- 
velopments which f i n a l l y  produced Loran-C, a 100-kHz p u l s e  nav iga t ion  

system. 

Those 

Loran, as most r e a d e r s  know, i s  a pu l sed  hype rbo l i c  system. Its most 
d i s t i n g u i s h i n g  f e a t u r e  i s  t h a t  by use of p u l s e s ,  t h e  groundwave and skywave 
components can be s e p a r a t e d  a t  t h e  receiver .  High accuracy i s  achieved 
s i n c e  phase i n t e r f e r e n c e  caused by mixing of t h e  d i f f e r e n t  modes of propa- 
g a t i o n  i n  t h e  media does n o t  occur .  

The s h o r t  pu l se s  r e q u i r e  cons ide rab le  bandwidth , b u t ,  by t h e  use  of 
t imesha r ing  t echn iques ,  a g r e a t  number of t r a n s m i t t e r s  can o p e r a t e  a t  t h e  
same frequency.  Consequent ly ,  cons idered  from t h e  s t andpo in t  of coverage 
a r e a  p e r  u n i t  of s p e c t r a l  wid th  r e q u i r e d ,  t h e  l o r a n  systems make e f f i c i e n t  
use of t h e  spectrum. 

During WWII t h e r e  were no t e c h n i c a l  problems i n  t r a n s m i t t i n g  and re- 
c e i v i n g  p u l s e s  of  about  4 0  ps d u r a t i o n  a t  2 MHz and t h e  necessary  spectrum 
was a v a i l a b l e .  Pu l ses  of t h a t  d u r a t i o n  were s h o r t  enough t o  c l e a r l y  re- 
s o l v e  t h e  d e s i r a b l e  stable groundwave from t h e  more v a r i a b l e  f i r s t - h o p  
skywave. When the  need f o r  over land  coverage a r o s e ,  t h e  only choice  f o r  
o b t a i n i n g  s i m i l a r l y  stable propagat ion  w a s  t o  use  a very  much lower f r e -  
quency t o  avoid  t h e  h igh  rate of  groundwave a t t e n u a t i o n  wi th  d i s t a n c e .  
But s h o r t  p u l s e s  and low f r equenc ie s  tend  t o  be incompat ib le  and f i n d i n g  
a s a t i s f a c t o r y  s o l u t i o n  t o  t h e  problems d i c t a t e d  by t h e s e  c o n f l i c t i n g  re- 
quirements  w a s  no s imple matter. 

Seve ra l  w r i t e r s  have publ i shed  r e p o r t s  on l o r a n  and r e l a t e d  s u b j e c t s .  
Many of t h e s e  r e p o r t s  t rea t  s p e c i f i c  t o p i c s  i n  depth .  The i n t e n t  i n  t h i s  
p u b l i c a t i o n  i s  t o  relate i n  ch rono log ica l  sequency t h e  a u t h o r ' s  view of 
t h e  s i g n i f i c a n t  a s p e c t s  of t h e  va r ious  developments and t e s t  programs which 
have r e s u l t e d  i n  Loran-C. While Loran-C i s  a very p r a c t i c a l  and workable 
system, it would be mis leading  t o  imply t h a t  a l l  t h e  problems involved  i n  

i t s  ope ra t ion  have been so lved .  A g r e a t  d e a l  more groundwave propagat ion  
r e sea rch  i s  needed t o  improve t h e  p r e d i c t a b i l i t y  of t h e  system coord ina te s  
and t o  d e f i n e  t h e  range of temporal  v a r i a t i o n s .  Proper  cyc le  i d e n t i f i c a -  

t i o n  nea r  maximum range has  always been t h e  weakest measurement i n  the  
system. 'Improvements i n  t h i s  a r e a  could  ex tend  t h e  range and use fu l -  
nes s  of t h e  system. 
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THE DEVELOPMENT OF LORAN-C NAVIGATION AND T I M I N G  

G i f fo rd  Hefley* 

1. INTRODUCTION 

The l o r a n  and loran- type  (pu l se )  systems are i n  t h e  broad ca tegory  of hype rbo l i c  
r a d i o  nav iga t ion  systems. There are a l s o  s e v e r a l  CW hype rbo l i c  systems. A l l  are based 

on t h e  p r i n c i p l e  of t r a n s m i t t i n g  synchronized s i g n a l s  from two o r  more p a i r s  of s t a t i o n s  
b u t  a t  p r e s e n t ,  only Loran-C provides  both  high accuracy and r e l a t i v e l y  long range.  
Hyperbolas (geometr ic )  a r e  l i n e s  de f ined  by the  l o c i  of p o i n t s  having a cons t an t  d i f f e r -  
ence i n  d i s t a n c e  from the p a i r s  of s t a t i o n s .  S i m i l a r l y ,  hype rbo l i c  ( r a d i o )  l i n e s  of 
p o s i t i o n  are def ined  by the  l o c i  of p o i n t s  a t  which the  d i f f e r e n c e  i n  a r r i v a l  t i m e  of 
t h e  synchronized s i g n a l s  i s  cons t an t .  

The hyperbolas  genera ted  by two p a i r s  of s t a t i o n s  form a g r i d .  The p o s i t i o n  of an 

observer  can,  t h e r e f o r e  , be e s t a b l i s h e d  by making two t ime-di f fe rence  measurements. 

S ince  the  hype rbo l i c  l i n e s  ex tend  outward on e i t h e r  s i d e  of a s t a t i o n  p a i r ,  l i n e s  asso-  
ciated wi th  two p a i r s  of s t a t i o n s  w i l l  c ros s  on both s i d e s  of the s t a t i o n  p a i r s .  There- 
f o r e ,  two l o c a t i o n s  w i l l  u sua l ly  e x i s t  which s a t i s f y  t h e  measurements, b u t  any ambigui ty  
i s  of l i t t l e  o r  no p r a c t i c a l  concern because t h e  l o c a t i o n s  a r e  so  widely sepa ra t ed .  A 

l o c a t i o n  o r  f i x  determined by t h r e e  independent t ime-di f fe rence  measurements i s  
unambiguous. a 

The r a d i o  hyperbolas  d i f f e r  somewhat, b u t  impor t an t ly ,  from the geometr ic  hyper- 
bo la s .  The v e l o c i t y  of r a d i o  waves i s  in f luenced  by the  phys ica l  c h a r a c t e r i s t i c s  of t h e  
propagat ion  media. Consequently, t h e  r a d i o  hyperbolas  a r e  d i s t o r t e d  i f  t h e  propagat ion  
pa ths  are d i s s i m i l a r .  To a good approximation,  sea-water pa ths  may be cons idered  t o  be 
i d e n t i c a l  f o r  groundwave propagat ion  b u t  land p a t h s ,  o r  mixed p a t h s ,  d i f f e r  widely.  I f  
a l l  t he  parameters  a r e  known a c c u r a t e l y ,  the hype rbo l i c  g r i d  can be computed r a t h e r  pre-  

c i s e l y ,  b u t  such i s  r a r e l y  t h e  case .  When land i s  involved i n  t h e  propagat ion  p a t h s ,  
t he  computed g r i d  must be a d j u s t e d  o r  co r rec t ed  by making a p p r o p r i a t e  c a l i b r a t i o n  mea- 
surements i f  maximum accuracy i s  t o  be de r ived  from the  system due t o  lack  of p r i o r  
knowledge of the  v e l o c i t y  of propagat ion .  

The r a d i o  hype rbo l i c  g r i d  i s  o f t e n  p r i n t e d  a s  an ove r l ay  on convent iona l  nav iga t ion  
c h a r t s .  Such c h a r t s  are s u i t a b l e  f o r  most purposes  and e s p e c i a l l y  f o r  a i r  nav iga t ion .  
For s u r f a c e  nav iga t ion ,  when maximum accuracy is  d e s i r e d ,  and f o r  c a l i b r a t i o n ,  t a b l e s  of 
t h e  system coord ina te s  are used. The hype rbo l i c  coord ina te s  a r e  t a b u l a t e d  a t  i n t e r v a l s  
of l a t i t u d e  and longi tude  which a r e  s u i t a b l e  f o r  l i n e a r  i n t e r p o l a t i o n .  The t a b l e s  a r e  
r a t h e r  voluminous b u t  are easy t o  use a t  su r f ace -vesse l  speeds because t h e r e  i s  ample 
t i m e  t o  p l o t  f i x e s  i n  the  convent iona l  manner. I n  some s p e c i a l i z e d  a p p l i c a t i o n s ,  espe-  
c i a l l y  where h igh  speed i s  involved ,  Loran-C and Loran-D a r e  used i n  conjunct ion  wi th  

computers t o  r e l a t e  t he  system coord ina te s  t o  geographic  p o s i t i o n .  With t h e  advent  of 
space technology and low-cost computers, this approach i s  becoming common. 

The loran-pulsed  systems d i f f e r  from o t h e r  hype rbo l i c  systems,  p a r t i c u l a r l y  from 
t h e  CW systems,  i n  many ways. Two major and impor tan t  d i f f e r e n c e s  are t h a t  l o r a n  oper- 
a t e s  i n  t h e  t i m e  domain wh i l e  t h e  o t h e r  systems ope ra t e  i n  t h e  frequency domain and do 
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n o t  r e s o l v e  the  propagat ion  t i m e  modes. A wide bandwidth is  mandatory t o  s e p a r a t e  the 

groundwave from the  skywaves. Pulse  modulation has  proved t o  be t h e  most f e a s i b l e  method 

of achiev ing  t h a t  s epa ra t ion .  By us ing  p u l s e s ,  a l a r g e  number of t r a n s m i t t e r s  t imeshare  
t h e  same frequency i n t e r v a l  w i t h i n  the spectrum. I n  c o n t r a s t ,  CW t r a n s m i t t e r s  must use 
d i f f e r e n t  f r equenc ie s .  Even wi th  no modulat ion,  a sma l l  b u t  f i n i t e  spectrum i n t e r v a l  
i s  r equ i r ed  t o  avoid i n t e r f e r e n c e  between ad jacen t  f requency assignments .  The t o t a l  
spectrum requirement  f o r  high-power t r a n s m i t t e r s  t ends  t o  be  p r o p o r t i o n a l  t o  t h e  number 
of t r a n s m i t t e r s .  Low-power CW t r a n s m i t t e r s  f o r  shor t - range  coveraqe (Decca* system f o r  
example) can ope ra t e  on the same f r equenc ie s  provided t h e  i n d i v i d u a l  systems a r e  separ -  
a t e d  by g r e a t  d i s t a n c e s .  But t h e  s h o r t e r  t he  range,  t he  g r e a t e r  t he  number of t r a n s -  
mitters t h a t  must be used t o  provide  coveraqe f o r  a s p e c i f i e d  a rea .  

A few of t h e  gene ra l i zed  comparisons between the  pu l se  and CW systems a r e  l i s t e d  
below: 

1. 

2. 

3 .  

4 .  

To 

The l o r a n  systems,  e s p e c i a l l y  Loran-C, provide  g r e a t e r  accuracy t o  t h e  l i m i t  
of  t h e i r  groundwave range than  CW Tystems whenever skywave s i g n a l s  a r e  p r e s e n t .  

CW systems (Omega* f o r  example) a t  VLF, can provide  much g r e a t e r  range than  
Loran-C groundwaves. Avai lab le  d a t a  a r e  i n s u f f i c i e n t  t o  compare Loran-C sky- 
wave performance wi th  t h e  performance of a VLF CW system. 

Any comparison of t h e  spectrum requirements  of l o ran  C and CW systems t ends  
t o  be  mis leading  because of t h e  i n h e r e n t  d i f f e r e n c e s  i n  range and accuracy 
c h a r a c t e r i s t i c s  of t h e  systems. 

The pu l se  c h a r a c t e r i s t i c s  needed i n  lo ran  d i c t a t e  the spectrum requirement .  
E f f i c i ency  of t h e  spectrum usage depends p r i m a r i l y  on t h e  number of s t a t i o n s  
o p e r a t i n g  and t h e  corresponding coverage a rea .  

synchronize t h e  t r ansmiss ion  from two o r  more lo ran  s t a t i o n s ,  one f u n c t i o n s  i n  

t h e  capac i ty  of a MASTER whi le  t h e  o t h e r s  ope ra t e  as SLAVES. O r i g i n a l l y ,  t h e  master 
w a s  f r ee runn ing  and t h e  s l a v e s  servoed their  frequency t o  t h e  mas ter .  Normally t h e  
s l a v e s  are now c o n t r o l l e d  by atomic s t anda rds  so a l l  s t a t i o n s  can f r e e  run. The s i g -  
n a l s  t r a n s m i t t e d  by the s l a v e s  a r e  i d e n t i c a l  t o  those  of t h e  master  b u t  are main ta ined  
i n  a cons t an t  t i m e  r e l a t i o n s h i p  r e l a t i v e  t o  the master s i g n a l s .  I n  loran-A, t he  p u l s e  
envelope only is  used.  I n  Loran-C and Loran-D, the pu l se  envelope and the c a r r i e r  
phase are maintained i n  cons t an t  r e l a t i o n s h i p  wi th  t h e  master s i g n a l s  and are used a k  

t h e  r e c e i v e r  t o  o b t a i n  measurements t o  a sma l l  f r a c t i o n  of one cyc le .  

The 

1. 

2 .  

3 .  

4 .  

technique of accomplishing the  synchroniza t ion  is  as fo l lows  : 

The master s i g n a l  i s  r ece ived  a t  the s l ave .  
A very p r e c i s e l y  genera ted  t i m e  i n t e r v a l  of a r b i t r a r y  l enq th  i s  i n i t i a t e d  upon 

r e c e p t i o n  of t h e  master s i g n a l .  
A t  t h e  end of t he  i n t e r v a l  t h e  s l a v e  s i g n a l  is  t r ansmi t t ed .  The t i m e  i n t e r v a l  
i s  c a l l e d  t h e  "Coding Delay".* 

The a c t u a l  t i m e  of t r ansmiss ion  of t h e  s l a v e  s i g n a l  is  c o n t r o l l e d  t o  main ta in  
r e l a t i o n s h i p  wi th  t h e  master s i g n a l  e i t h e r  through se rvo  c o n t r o l  o r  w i th  atomic 
s t anda rds .  

* See Glossary.  
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By t r a n s m i t t i n g  t h e  master and s l a v e  s i g n a l s  s e q u e n t i a l l y  r a t h e r  than  s imul t a -  

neous ly ,  and s e l e c t i n g  t h e  proper  coding de lays  a t  t h e  s l a v e s ,  the master  s i g n a l  always 
a r r i v e s  f i rs t  r e g a r d l e s s  of t h e  l o c a t i o n  of the r e c e i v e r .  I n  t h a t  way, p o s s i b l e  ambi- 
g u i t i e s  are avoided. 

The d i f f e r e n t  p a i r s  of cha ins  of s t a t i o n s  a r e  i d e n t i f i e d  by t r a n s m i t t i n g  t h e  p u l s e s  
a t  d i f f e r e n t  r e p e t i t i o n  rates (see sec. 7). Each p a i r  of Loran-A s t a t i o n s  uses  a d i f f e r -  
e n t  r e p e t i t i o n  rate. The Loran-C and Loran-D s t a t i o n s ,  however, use  a s l i g h t l y  d i f f e r e n t  
scheme. I n  each cha in ,  t h e  master and t w o  o r  three s l a v e s ,  which form two o r  t h r e e  p a i r s  
of s t a t i o n s ,  a l l  t r ansmi t  on the  same r e p e t i t i o n  r a t e .  I n  the  l a t t e r  ca se ,  t h e  coding 
de lays  of t h e  s l a v e s  a r e  chosen so t h a t  a l l  t h e  s i g n a l s  from the chain a r r i v e  a t  any 

l o c a t i o n  i n  the same sequence. Correspondingly,  t he  p u l s e - r e p e t i t i o n  pe r iod  i s  chosen 
so as t o  be commensurate wi th  the  t r ansmiss ion  t i m e s  from t h e  master  t o  t h e  s l a v e s  p l u s  
a l l  t h e  coding de lays .  

The choice of sites f o r  t r a n s m i t t e r s  f o r  any long-range system i s  determined p r i -  

mar i ly  by geographic  and p o l i t i c a l  cons ide ra t ions  i n  r e l a t i o n s h i p  t o  t h e  a r e a s  where 
n a v i g a t i o n a l  coverage i s  d e s i r e d .  Because of t he  ranqe of Loran-C, t h e r e  i s  a rela- 
t i v e l y  wide choice of s i tes  f o r  t h z t  system, bu t  due t o  geographica l  c o n s t r a i n t s  a lone ,  
i d e a l  t r a n s m i t t e r  conf igu ra t ions  a r e  i n  some cases  v i r t u a l l y  imposs ib le .  The most 
e f f i c i e n t  conf igu ra t ion  is  t o  l o c a t e  t r a n s m i t t e r s  on the  co rne r s  of a squa re ,  b u t ,  i n  
a c t u a l  s i t u a t i o n s ,  s h o r e l i n e s  and i s l a n d s  u s u a l l y  provide  t h e  most p r a c t i c a l  s i t e s  f o r  
t h e  a r e a s  where n a v i g a t i o n a l  coverage i s  d e s i r e d .  

The accuracy of Loran-C o r  any hvpe rbo l i c  system cannot  be desc r ibed  by a s i n g l e  
number because of t h e  geometr ic  cons ide ra t ions  i n  t h e  nav iga t ion  g r i d .  The accuracy wi th  
which a t i m e  d i f f e r e n c e  can be measured of course ,  d e t e r i o r a t e s  somewhat wi th  adverse  
s igna l - to -no i se  r a t i o s .  More impor t an t ly ,  t he  spac ing  i n c r e a s e s  between the hype rbo l i c  
l i n e s  of p o s i t i o n  wi th  i n c r e a s i n g  d i s t a n c e  away from the  t r a n s m i t t e r s  due t o  geometry. 
A t  the same t i m e ,  wi th  most s t a t i o n  c o n f i g u r a t i o n s ,  t h e  angle  of i n t e r s e c t i o n  between 
l i n e s  of p o s i t i o n  decreases .  Toward maximum range ,  the f i x  accuracy of Loran-C is de- 

termined mainly by geometr ic  f a c t o r s  no t  by t h e  smal l  l o s s  of p r e c i s i o n  i n  t h e  t i m e -  
d i f f e r e n c e  measurements. Seve ra l  examples a r e  given i n  s e c t i o n  5.  

The m e r i t s  of a l l  e l e c t r o n i c  systems must be viewed and weighed a g a i n s t  t h e i r  s h o r t -  

comings. Loran-C, on t h e  c r e d i t  s i d e ,  p rovides  b e t t e r  accuracy ( t e n s  of meters) a t  
g r e a t e r  ranges (1000  t o  2000  km) t han  any o t h e r  r a d i o  nav iga t ion  o r  t iming  system y e t  
developed. It a l s o  can and does provide  coverage over  a s u b s t a n t i a l  f r a c t i o n  of t h e  

e a r t h ' s  s u r f a c e  a t  t h e  expense of only 20 kHz of t h e  r a d i o  spectrum. On the  nonc red i t  
s i d e ,  t h e  u s e f u l  range of t h e  groundwave s i g n a l  a t  1 0 0  kHz which p r a c t i c a l  t r a n s m i t t e r s  
can r a d i a t e  v i r t u a l l y  exc ludes  some a r e a s  of t h e  world from prime coverage. 

Loran-C i s  n o t  the u l t i m a t e  f u l f i l l m e n t  of a l l  n a v i g a t i o n a l  needs ,  b u t  n e i t h e r  i s  

any o t h e r  system. 

t h e  p r i n c i p a l  manufac turers ,  Spe r ry ,  I T T ,  C o l l i n s ,  and more r e c e n t l y ,  Lif tcom, Teledyne, 
Epsco, and Decca. I n q u i r i e s  on lo ran  ope ra t ion ,  t h e  a v a i l a b i l i t y  of c h a r t s  and tables 
and t iming  should  be addressed  t o  the Department of T ranspor t a t ion ,  U . S .  Coast  Guard. 
Ques t ions  on t iming  may a l s o  be addressed t o  the U . S .  Naval Observatory.  Ques t ions  

De ta i l ed  informat ion  on l o r a n  equipment i s  most r e a d i l y  a v a i l a b l e  from 
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r e l a t i n g  t o  t h e  propagat ion  of l o r a n  s i g n a l s  should  be addressed  t o  t h e  I n s t i t u t e  for  

Telecommunication Sc iences  of t h e  Of f i ce  of Telecommunications i n  t h e  Department of 
Commerce. 

The above sources  of in format ion  a r e  Given because s e v e r a l  of t h e  documents l i s t e d  
i n  t h e  References and Bibl iography have n o t  been publ i shed  i n  t h e  open l i t e r a t u r e  and 
are n o t  convenient ly  a v a i l a b l e ,  i f  a t  a l l .  
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2 .  EARLY DEVELOPMENT OF LORAN AND GEE 

Some of t h e  h i g h l i g h t s  of t h e  w a r t i m e  l o ran  developments desc r ibed  by Pierce,  

e t  a l .  (1948) , a r e  summarized he re .  

The f i r s t  known p r a c t i c a l  a p p l i c a t i o n  of p o s i t i o n  f i n d i n g  wi th  a hype rbo l i c  system 

was in WWI when enemy guns were l o c a t e d  by measuring t h e  d i f f e r e n c e  i n  a r r i v a l  t i m e  of 
t h e  sound r e p o r t s  at  t h r e e  l i s t e n i n g  p o s t s .  I n  t h a t  ca se ,  t h e  l i s t e n i n g  p o s t s  de f ined  
the  f o c i  of t h e  hyperbolas  whi le  i n  a lo ran  system t h e  t r a n s m i t t e r s  d e f i n e  t h e  f o c i .  

The p o s s i b i l i t y  of dev i s ing  a pulsed r a d i o  nav iga t ion  system w a s  fo re seen  by Alf red  
L.  Loomis of t he  Microwave Committee and was formal ly  proposed by him i n  October 1 9 4 0 .  

The Microwave Committee w a s  a group composed of r e p r e s e n t a t i v e s  from t h e  Massachuset ts  
I n s t i t u t e  of Technology (MIT)  , government and i n d u s t r y  who w e r e  concerned wi th  m i l i t a r y  

r a d i o  a p p l i c a t i o n s .  The proposa l  w a s  accepted  , and t h e  system concept  gained momentum 
r a p i d l y .  By e a r l y  s p r i n g  of 1 9 4 1 ,  a s m a l l  f u l l t i m e  group headed by Melv i l l e  Eastham a t  
the  MIT Radia t ion  Laboratory had been formed t o  pursue t h e  development of a system which 
l a t e r  became known a s  lo ran .  

An i n t e r e s t i n g  coincidence i s  t h a t  t h e  same system p o s s i b i l i t y  w a s  a l s o  foreseen  by 
Robert J. Dippy i n  B r i t a i n  and t h a t  an almost  i d e n t i c a l  development e f f o r t  was underway 
t h e r e  a t  t h e  same t i m e  under h i s  d i r e c t i o n .  The B r i t i s h  system w a s  c a l l e d  " G e e " .  

From t h e  summer of 1 9 4 2  on, t h e  two developments were very c l o s e l y  coord ina ted .  The 
p r i n c i p l e s  of t h e  two systems were e s s e n t i a l l y  i d e n t i c a l ,  b u t  t h e  in tended  a p p l i c a t i o n s  
w e r e  q u i t e  d i f f e r e n t .  Consequently, there w e r e  many d i f f e r e n c e s  i n  d e t a i l ,  t h e  g r e a t e s t  

of which were frequency and b a s e l i n e  l eng th .  

G e e  had t h e  purpose of p rov id ing  a c c u r a t e  nav iga t ion  t o  a d i s t a n c e  of about  300 m i  
f o r  h igh- f ly ing  a i r c r a f t  on bombing miss ions  over  t h e  European mainland. G e e  d i d  n o t  have 
t h e  requirement  t o  provide  coverage on o r  nea r  t h e  s u r f a c e  a t  long range and, t h e r e f o r e ,  d id  
n o t  r e q u i r e  a long b a s e l i n e .  I n  c o n t r a s t ,  t h e  o b j e c t i v e  of l o r a n  was t o  supply nav iga t ion  
coverage t o  a s  g r e a t  a d i s t a n c e  as p o s s i b l e  f o r  s u r f a c e  v e s s e l s  and low-flying a i r c r a f t  on 
ant isubmarine p a t r o l .  I n  view of t h e s e  d i f f e r e n t  system requi rements ,  l i n e - o f - s i g h t  
f requencies  i n  the  H F  and VHF bands w e r e  i d e a l  f o r  G e e  because s h o r t  p u l s e s  ( 6  us) 
could be t r a n s m i t t e d  e a s i l y  and it was easy  t o  change frequency t o  avoid enemy jamming. On 
the  o t h e r  hand, s u r f a c e  coverage d i c t a t e d  a much lower frequency f o r  l o r a n .  The band which 
was chosen j u s t  below 2 MHz was no t  n e c e s s a r i l y  optimum, b u t  it w a s  a v a i l a b l e ,  and it d i d  
provide  s u b s t a n t i a l  groundwave range over  s e a  wa te r .  I n i t i a l l y ,  over land  coverage by 

l o r a n  was n o t  cons idered  t o  b e  impor tan t .  

The development of t h e  l o r a n  t r a n s m i t t i n g ,  synchroniz ing  and r e c e i v i n g  equipment pro- 

ceeded smoothly. The f i r s t  t r a n s m i t t e r s  were designed f o r  100-kW peak pu l se  power and by 
June 1 9 4 2 ,  had been i n s t a l l e d  a t  Montauk P o i n t ,  Long I s l a n d ,  New York, and Fenwick I s l a n d ,  
D e l a w a r e ,  f o r  i n i t i a l  system t e s t i n g .  The two s t a t i o n s ,  of cour se ,  provided only  one set  
of p o s i t i o n  l i n e s  (hype rbo la s ) ,  b u t  by checking t h e  s t a b i l i t y  of t h e  l i n e s  it w a s  p o s s i b l e  
t o  estimate how t h e  e n t i r e  system would work. During t h e  same month a r e c e i v e r  w a s  flown 
on a Navy blimp from Lakehurs t ,  New J e r s e y ,  and s h o r t l y  t h e r e a f t e r ,  another  r e c e i v e r  w a s  
i n s t a l l e d  aboard t h e  U.S.S. Manasquan f o r  extended long-range obse rva t ions .  
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The r e s u l t s  of t h e s e  tes ts  were so encouraging t h a t  t h e  Amy and t h e  Navy took imme- 
d i a t e  a c t i o n  t o  i n s t a l l  t h e  lo ran  system i n  t h e  nor thwes t  A t l a n t i c  from Fenwick I s l a n d  
t o  Cape Farewel l ,  Greenland. By t h e  f a l l  of 1943, t h e  lo ran  t r a n s m i t t e r s  or cha ins  had 
been extended t o  I ce l and ,  t h e  Faroes ,  and t h e  Hebrides .  Other  cha ins  i n  t h e  United 
States and i n  t h e  P a c i f i c  w e r e  i n  va r ious  s t a g e s  of p lanning  and i n s t a l l a t i o n .  Expan- 
s i o n  of t h e  system cont inued  on an a c c e l e r a t e d  scale u n t i l  t h e  end of t h e  w a r .  

A s  e a r l y  as t h e  summer of 1 9 4 2 ,  it w a s  seen  t h a t  many a i r c r a f t  would need both  t h e  
lo ran  and G e e  systems b u t  u s u a l l y  n o t  a t  t h e  same t i m e .  Loran would be  needed f o r  f l y i n g  

ac ross  t h e  North A t l a n t i c ,  and G e e  would be needed a f t e r  t h e  a i r c r a f t  a r r i v e d  i n  B r i t a i n .  
Accordingly,  t h e  l o r a n  r e c e i v e r s  were made p h y s i c a l l y  in t e rchangeab le  wi th  t h e  G e e  re- 
c e i v e r s  and were designed i n  such a way t h a t  they  could be ope ra t ed  d i r e c t l y  from t h e  
e lectr ical  systems i n  both  B r i t i s h  and American a i r c r a f t .  

Loran and G e e ,  however, d i d  n o t  f u r n i s h  a l l  t h e  nav iga t ion  f a c i l i t y  t h a t  w a s  needed 
i n  the European theater of ope ra t ions .  The n igh t t ime  skywave l o r a n  s i g n a l s  could be 
r ece ived  a t  d i s t a n c e s  g r e a t  enough t o  reach  deep i n t o  Europe,  b u t  t h e  spac ing  anc? c r o s s i n g  

angles  of t h e  hype rbo l i c  l i n e s  of p o s i t i o n  w e r e  n o t  s a t i s f a c t o r y  f o r  a good f i x  accuracy.  
A means of overcoming t h e  d i f f i c u l t y  w a s  proposed by J .  A. Pierce. Having observed t h e  
s t a b i l i t y  of t h e  f i r s t - h o p  skywave (E l a y e r  r e f l e c t i o n ) ,  he sugges ted  us ing  t h a t  mode 
of propagat ion  t o  synchronize t h e  t r a n s m i t t e r s .  While t h e  skywave could be  used only  a t  
n i g h t ,  t h e  b a s e l i n e s  could be inc reased  t o  about  1 4 0 0  miles, and t h e  system could be used 
over land .  The longer  b a s e l i n e s  would g r e a t l y  improve t h e  geometry of t h e  l o r a n  g r i d  i n  
t h e  a r e a s  where coverage w a s  needed. 

I n  t h e  s p r i n g  of 1943, Pierce assumed l e a d e r s h i p  of t h e  Loran Opera t iona l  Research 
Group. This  group w a s  p r i m a r i l y  concerned wi th  skywave propagat ion  of t h e  lo ran  s i g n a l s .  
I n  A p r i l  1943, Pierce and o t h e r s  c a r r i e d  o u t  t h e  experiment  of having t h e  Fenwick I s l a n d  
s t a t i o n  synchronize on t h e  f i r s t - h o p  skywave s i g n a l  from Bona V i s t a ,  Newfoundland, 
1 1 0 0  nmi d i s t a n t .  This  s imple t e s t  showed a probable  e r r o r  i n  t h e  l i n e  of p o s i t i o n  of 
on ly  0 .5  nmi. 

I n  t h e  e a r l y  f a l l  of t h e  same y e a r ,  more ex tens ive  skywave-synchronized lo ran  
( S S  Loran) t e s t i n g  w a s  accomplished. T ransmi t t e r s  w e r e  i n s t a l l e d  a t  Gooseberry F a l l s  , 
Minnesota, and Key W e s t ,  F l o r i d a ,  t o  form p a i r s  wi th  t h e  Eas t  B r e w s t e r ,  Massachuse t t s ,  

Montauk Po in t  s t a t i o n s ,  r e s p e c t i v e l y .  The long east-west and no r th - sou th  b a s e l i n e s  
provided a g r i d  having f avorab le  geometry over  a l a r g e  p a r t  of t h e  e a s t e r n  h a l f  of t h e  
country.  Army (AAF), Navy, and RAF p lanes  nav iga t ing  only  by SS Loran made exhaus t ive  
accuracy tests.  The average e r r o r  of hundreds of n a v i g a t i o n a l  f i x e s  w a s  between 1 and 
2 m i l e s  over  t h e  e n t i r e  s e r v i c e  a rea .  

The AAF, t h e  Navy, and t h e  RAF a l l  concurred t h a t  t h e  skywave-synchronized system 
had g r e a t  o p e r a t i o n a l  va lue .  The system w a s  i n s t a l l e d  as qu ick ly  as p o s s i b l e  i n  t h e  
European t h e a t e r .  Its f i r s t  o p e r a t i o n a l  use  w a s  i n  October 1 9 4 4 .  

Both groundwave-synchronized l o r a n  ( g e n e r a l l y  called Standard Loran) and SS Loran 
were used e x t e n s i v e l y  i n  t h e  P a c i f i c .  Owing t o  t h e  v a s t  ocean expanses and t h e  fac t  t h a t  

so many is&ands and land  a r e a s  w e r e  occupied by t h e  enemy, t h e  i n s t a l l a t i o n  of l o r a n  
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i n  t h e  P a c i f i c  occur red  under q u i t e  d i f f e r e n t  circumstances than  p r e v a i l e d  i n  t h e  North 
A t l a n t i c .  I n  gene ra l ,  however, i n s t a l l a t i o n s  w e r e  made a s  soon as p o s s i b l e .  A i r -  

t r a n s p o r t a b l e  t r a n s m i t t e r s  had been developed mainly f o r  use i n  t h e  P a c i f i c .  Without 
them, i n s t a l l a t i o n s  could have been much s lower and more d i f f i c u l t .  

Loran w a s  very  u s e f u l  i n  t h e  P a c i f i c ,  b u t  it would no t  s a t i s f y  some very impor tan t  

nava t iona l  requirements .  

A system having longer  range and longer  b a s e l i n e s  was needed t o  provide  coverage 
i n  t h e  v i c i n i t y  of Japan and on t o  China. Also,  24-hour over land  coverage was e s p e c i a l l y  
needed i n  Southeas t  A s i a  f o r  our  t r a n s p o r t  a i r c r a f t  f l y i n g  t h e  "Hump" r o u t e .  These re- 
quirements  brought  about  a r econs ide ra t ion  of t h e  frequency t h a t  should be used.  

I t  w a s  ev iden t  t h a t  a much lower frequency would have t o  be used t o  reduce t h e  
groundwave a t t e n u a t i o n  r a t e  overland.  But changing t o  a low frequency would n o t  be a 
s imple matter. In  t h e  o r i g i n a l  concept  of t h e  system it w a s  gene ra l ly  thought  t h a t  1 MHz 
would be about  t h e  lowest  f requency which would be s u i t a b l e  f o r  p u l s e  t r ansmiss ions  of 
t h i s  t ype .  To ob ta in  e f f i c i e n t  r a d i a t i o n  a t  low f r equenc ie s  would r e q u i r e  l a r g e  c o s t l y  
antennas and so much bandwidth would be r equ i r ed  t o  t r ansmi t  pu l se s  s h o r t  enough t o  sepa- 
r a t e  t h e  groundwave from t h e  skywave t h a t  a s e r i o u s  i n t e r f e r e n c e  problem would r e s u l t .  
The s h o r t  pu l se s  would f u r t h e r  complicate  t h e  antenna problem because t h e  antenna would 
have t o  have a low "Q" f o r  t he  pu l ses  t o  r ise r a p i d l y .  A low Q would r e q u i r e  more r ad ia -  
t i o n  r e s i s t a n c e  and hence,  a s t i l l  l a r g e r  and more c o s t l y  s t r u c t u r e .  Compromise was 
i n e v i t a b l e .  

I t  w a s  cons idered  i m p r a c t i c a l  a t  low f r equenc ie s  t o  a t tempt  t o  t r ansmi t  s h o r t  pu l se s  
s i m i l a r  t o  t hose  used a t  2 MHz. I n s t e a d ,  it w a s  decided t o  i n c r e a s e  t h e  p u l s e  l eng th  t o  
around 300 ps, which would r e q u i r e  a bandwidth of only 8 t o  1 0  kHz,  and t o  lower t h e  
c a r r i e r  frequency t o  *e LF band. 
t h e  groundwaves and skywaves i n t o  a composite pu l se  i n s t e a d  of s e p a r a t i n g  them. The hope 

w a s  t h a t  t h e  composite p u l s e s  could be matched i n  t h e  same way as p r a c t i c e d  wi th  s t anda rd  
lo ran .  

The longer  p u l s e  and narrower bandwidth would combine 

Logica l ly  enough, t h e  low frequency ve r s ion  of t h e  system w a s  c a l l e d  LF Loran. A s  

soon as t h e  b a s i c  des ign  cons ide ra t ions  had been determined,  t h e  Radia t ion  Labora tory ,  on 
v i r t u a l l y  an emergency b a s i s ,  Gndertook t o  b u i l d  an exper imenta l  l o w  f requency system. 
Transmission tes ts  w e r e  s t a r t e d  i n  August 1944 on '170 kHz. The frequency was l a t e r  changed 
t o  180 kHz. Standard lo ran  t r a n s m i t t e r  components were used o r  modif ied wherever p o s s i b l e  
t o  minimize t h e  amount of new des ign  work and cons t ruc t ion .  For r e c e i v i n g ,  s imple con- 
v e r t e r s  were b u i l t  which could be used wi th  t h e  s t anda rd  lo ran  r e c e i v e r s .  By t h e  s p r i n g  
of 1945, t he  new system w a s  ready f o r  t e s t i n g .  
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3 .  LOW-FREQUENCY LORAN, CYCLAN AND WHYN 

I n  e a r l y  1945 t h e  need f o r  longer-range r a d i o  nav iga t ion  f a c i l i t i e s  i n  t h e  wes tern  
P a c i f i c  and Southeas t  Asia was becoming i n c r e a s i n g l y  urgent .  Tes t ing  t h e  new LF Loran 
system proceeded wi th  a remarkable degree of speed and e f f i c i e n c y .  

Immediately upon complet ion,  t h e  exper imenta l  t r a n s m i t t e r s  were i n s t a l l e d  a t  s i tes  
n e a r  Key Largo, F l o r i d a ,  Cape Fear , North Caro l ina ,  and B r e w s t e r ,  Massachuse t t s ,  
i n  o r d e r  t o  t e s t  t h e  system b e f o r e  p u t t i n g  it i n t o  o p e r a t i o n a l  use .  These tests 
were q u i t e  comparable t o  t h e  tests t h a t  w e r e  made wi th  SS Loran be fo re  it was used 
o p e r a t i o n a l l y .  The low-frequency tes t s ,  however, w e r e  even more comprehensive and i n -  
volved a s p e c i a l  antenna problem. Convent ional  tower an tennas ,  t a l l  enough t o  provide  
e f f i c i e n t  r a d i a t i o n  a t  180  kHz, were n o t  a v a i l a b l e ,  and t o  c o n s t r u c t  such antennas would 
have taken  a g r e a t  d e a l  of t i m e .  A s  a t i m e -  and money-saving exped ien t ,  ba r r age  ba l loons  
w e r e  used t o  suppor t  1300-f t  w i r e  antennas.  

A wel l -organized  monitor ing and system-evaluat ion program, headed by key members of 
t h e  Opera t iona l  Research S t a f f  (ORS)  and t h e  Communications L ia i son  Branch of t h e  Of f i ce  
of t h e  Chief S igna l  O f f i c e r  (Opera t iona l  Research S t a f f  , 1 9 4 6 )  , w a s  i n  motion when t h e  
t ransmi t te rs -came on t h e  a i r  i n  A p r i l  1 9 4 5 .  

The purpose of t h e  t e s t  program w a s  t o  determine t h e  t e c h n i c a l  c h a r a c t e r i s t i c s  of t h e  
system i n  s u f f i c i e n t  d e t a i l  t o  p r e d i c t  t h e  performance of any s i m i l a r  system i n s t a l l e d  

e l sewhere  i n  a d i f f e r e n t  conf igu ra t ion .  

develop methods t o  determine t h e  merits of any proposed LF Loran system r e l a t i v e  t o  o t h e r  
nav iga t ion  systems.  

I t  was equa l ly  t h e  purpose of t h e  program t o  

The ope ra t ion  of t h e  t r a n s m i t t e r s  w a s  supe rv i sed  by t h e  Radia t ion  Laboratory.  Most 
of t h e  monitor ing and d a t a  c o l l e c t i o n  w a s  done by t h e  S igna l  Corps personnel .  Some moni- 
t o r i n g  a t  s e v e r a l  widely sepa ra t ed  p o i n t s ,  however, was a l s o  done by t h e  Radia t ion  Labora- 
t o r y .  F igure  3 .1  shows t h e  t r a n s m i t t e r  l o c a t i o n s ,  t h e  p r i n c i p a l  monitor ing s i tes ,  and 
t e s t - f l i g h t  r o u t e s .  

The Cape Fear  s t a t i o n  se rved  as a double master  t o  provide  two p a i r s  of s t a t i o n s .  I n  
c o n t r a s t  t o  t y p i c a l  s t anda rd  lo ran  p a i r s ,  which would normally u s e  d i f f e r e n t  s p e c i f i c  ra tes .  
both  LF p a i r s  were opera ted  on t h e  same r e p e t i t i o n  rate.  With a l l  t h e  p u l s e s  synchronized,  
t h e  two s l a v e s  could a l s o  be used as  a p a i r  t o  provide  a t h i r d  l i n e  of p o s i t i o n .  Any one 
of t h e  t h r e e  a v a i l a b l e  t i m e  d i f f e r e n c e s  obvious ly  could be de r ived  from t h e  o t h e r  two, 
bu t  they  could a l l  be measured s e p a r a t e l y .  

I n  f i g u r e  3 . 2 ,  t h e  t r ansmiss ion  t i m e  i s  i n d i c a t e d  by T + t (T i s  t h e  primary t r a n s -  
miss ion  t i m e  and t i s  t h e  secondary-phase c o r r e c t i o n )  w i th  s u b s c r i p t s  t o  i d e n t i f y  t h e  
d i f f e r e n t  propagat ion  p a t h s .  Random v a r i a t i o n s  i n  t r ansmiss ion  t i m e  are rep resen ted  by 
a , b , c , d ,  and e. I f  t h e r e  w e r e  no measurement e r r o r ,  t h e  t i m e  d i f f e r e n c e  (TD) a t  t h e  
r e c e i v e r  would be :  

TD = T  + t  + a + T  + t  + b - [ T m r + t m r  + cl I (1) Y my my Y r  Y r  

+ e + T  TD = T  + t  + a + T  + t  + b - [ T m + t m  x r  YX my my y r  . y r  

+ txr + dl . 
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Figure  3 . 1 .  L F  Loran m o n i t o r i n g  s i t e s  and  t e s t -  
f 2 i g h t  r o u t e s  ( S i g n a 2  C o r p s  ) .  
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F i g u r e  3 . 2  Loran t r i a d  geone  t r y  

Note t h a t  t h e  t h i r d  t i m e  d i f f e r e n c e ,  TD i n  ( 3 )  i s  i d e n t i c a l  t o  t h e  d i f f e r e n c e  be- 
Y X '  

tween t h e  f irst  two, (1) and ( 2 ) .  However, measurements always have some e r r o r  and i n  
t h i s  case it w a s  p o s s i b l e  t o  e v a l u a t e  t h e  e r r o r  made by t h e  r e c e i v e r  o p e r a t o r  simply by 
comparing t h e  measured va lues  of ( 3 )  and t h e  d i f f e r e n c e  between (1) and ( 2 ) .  The coding 

de lays  are omi t ted  f o r  s i m p l i c i t y  - 
It i s  i n t e r e s t i n g  t o  note  t h a t  t h i s  b a s i c  formula t ion  w a s  de f ined  l a t e  i n  1945 

(Opera t iona l  Research S t a f f ,  1 9 4 6 ) .  The T ' s  were de f ined  a s  t h e  c a l c u l a t e d  groundwave 
t r ansmiss ion  t i m e  and t h e  t ' s  a s  t h e  s y s t e m a t i c  propagat ion  de lays .  A t  t h a t  t i m e ,  t h e  
groundwave t r ansmiss ion  t i m e  w a s  a r r i v e d  a t  merely by d i v i d i n g  t h e  d i s t a n c e  by t h e  velo-  
c i t y  of a r a d i o  wave i n  a i r .  That i s  p r e c i s e l y  what is  now t r e a t e d  a s  t h e  pr imary 
wave-transmission t i m e .  No one a t  t h e  t i m e  w a s  e x p l i c i t l y  conscious of t h e  secondary 
phase c o r r e c t i o n  even though Norton ( 1 9 4 1 ) ,  who w a s  l a r g e l y  r e spons ib l e  f o r  t h e  above 
fo rmula t ion ,  had publ i shed  a paper  d e s c r i b i n g  t h e  secondary c o r r e c t i o n  i n  cons ide rab le  
d e t a i l .  I n  LF Loran, s i n c e  t h e  groundwave and t h e  f i r s t -  and second-hop skywaves were 
no t  c l e a r l y  s e p a r a t e d ,  t h e  observed sys t ema t i c  propagat ion  de lays  ( t )  w e r e  governed 
l a r g e l y  by t h e  r e l a t i v e  ampli tude and t i m e  of a r r i v a l  of t h e  component waves. The much 
sma l l e r  secondary groundwave phase c o r r e c t i o n  escaped n o t i c e .  

The moni tor ing  program inc luded  f i x e d  r e c e i v i n g  s t a t i o n s  a t  Wright F i e l d ,  Ohio; 

Watson Labora to r i e s ,  Red Bank, N e w  J e r s e y ;  Wichi ta ,  Kansas; Camp Rip ley ,  Minnesota; 

F o r t  Crocke t t ,  Texas; and C r y s t a l  2 ,  Baf f in  I s l a n d .  A B-17 a i r c r a f t  f i t t e d  wi th  LF 
Loran r e c e i v i n g  equipment was used f o r  a i rbo rne  measurements and shor t - te rm measurements 

wh i l e  on t h e  ground a t  a number of l o c a t i o n s  inc lud ing :  Borinquin F i e l d ,  P . R . ;  
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Tr in idad ,  BWI; B a t i s t a ,  Camaquey, and Guantanamo Bay, C u b a ;  Por t  au P r i n c e ,  Haiti; 
Vernam F i e l d ,  Jamaica; Maracaibo and La Guar i r a ,  Venezuela; B e l e m ,  B r a z i l ;  Paramaribo, 
Dutch Guiana; and Antigua,  B W I .  

Both t ime-di f fe rence  and f i e l d - s t r e n g t h  measurements w e r e  made a t  a l l  t h e  monitor- 

i n g  s t a t i o n s .  

Atmospheric-noise measurements w e r e  made a t  Wright F i e l d  and F o r t  Crocke t t .  The 
measured atmospheric  no i se  l e v e l s  were gene ra l ly  c o n s i s t e n t  wi th  t h e  p r e d i c t e d  worldwide 
l e v e l s  of a tmospheric  no i se  which were a v a i l a b l e  a t  t h a t  t i m e .  

E s t i m a t e s  of system r e l i a b i l i t y  were made on t h e  b a s i s  of expected s i g n a l  f i e l d  
s t r e n g t h  and expec ted  n o i s e ,  us ing  t h e  monitor ing s t a t i o n  d a t a  t o  determine t h e  proba- 
b i l i t y  t h a t  a t ime-di f fe rence  measurement could be made i n  a given s igna l -no i se  s i t u a t i o n .  

Contours of cons t an t  r e l i a b i l i t y  ( p r o b a b i l i t y  of g e t t i n g  a f i x )  w e r e  computed for day and 

n i g h t ,  summer and w i n t e r  cond i t ions .  S imi l a r  contours  were a l s o  computed f o r  o t h e r  t r a n s -  
m i t t e r  powers. 

The accuracy of t h e  system w a s  eva lua ted  by ana lyz ing  s t a t i s t i c a l l y  t h e  t ime-d i f f e rence  
e r r o r s  recorded  a t  t h e  monitor ing s t a t i o n s . .  The observed e r r o r s  w e r e  a t t r i b u t a b l e  t o  t h r e e  

p r i n c i p a l  sources  : 

a .  Operator  e r r o r  (random e r r o r  i n  matching t h e  p u l s e s ) ,  
b .  Random propagat ion  v a r i a t i o n s ,  
c. Sys temat ic  propagat ion  de lays .  

A t  s h o r t  d i s t a n c e s  from a t r a n s m i t t e r ,  t h e  rece ived  p u l s e  i s  p r a c t i c a l l y  a l l  ground- 
wave b u t  a t  q r e a t e r  d i s t a n c e s  (500-1000 miles),  t h e  skywaves become dominant and a t  

d i s t a n c e s  beyond about  1 0 0 0  m i l e s ,  t h e  p u l s e  i s  n e a r l y  a l l  skywave. The t r a n s i t i o n  

from groundwave t o  skywave wi th  d i s t a n c e  i s  r e l a t i v e l y  smooth, on t h e  average ,  and t h e  
t ime-di f fe rence  measurements d i f f e r  from t h e  computed groundwave va lues  i n  accordance 
wi th  t h e  a d d i t i o n a l  t r ansmiss ion  t i m e  r equ i r ed  f o r  t he  s i g n a l  t o  t r a v e l  v i a  t h e  ionosphere.  

This  i s  shown i n  f i g u r e  3.3.  

The f i x  accuracy can be improved by t ak ing  t h e  sys t ema t i c  de lay  c o r r e c t i o n s  i n t o  
account  b u t  s u b s t a n t i a l  random e r r o r s  remain because t h e  ionosphere  i s  no t  cons t an t  and 
i n d i v i d u a l  readings  may d i f f e r  cons iderably  from t h e  average.  The f i x  e r r o r s  observed 
a t  t h e  Camp Ripley and Wright F i e l d  monitor ing s t a t i o n s  are shown i n  f i g u r e s  3.4 and 3.5. 

The va lue  of us ing  t h e  c o r r e c t i o n s  i s  clear bu t  t h e  remaining random e r r o r s  a r e  l a r g e .  
Typ ica l ly ,  t h e  f i x  e r r o r s  a t  n i g h t  were much g r e a t e r  than  dur ing  t h e  day. F igures  3.6 
and 3.7 i l l u s t r a t e  t h e  day-night  comparison. 

The s i g n a l s  could be r ece ived  over  a v a s t  a r e a  b u t  t h e  exper imenta l  system provided 
u s e f u l  nav iga t ion  coverage over  only a very smal l  p o r t i o n  of t h a t  r ea ion .  Using a f i x  

e r r o r  of  5 m i l e s  a s  a c r i t e r i o n  t o  d e f i n e  t h e  u s e f u l  coverage a r e a ,  i t  was e s t ima ted  
t h a t  t h e  daytime coverage was 2 0 , 3 0 0  sq .  m i l e s  and t h e  n iqht t ime coverage only  6 4 0 0  s q .  
m i l e s .  The lack  of r e p e a t a b i l i t y  w a s  t h e  r e s u l t  of two b a s i c  c o n s i d e r a t i o n s :  system 

geometry and t h e  t ime-d i f f e rence  e r r o r s  a l r eady  desc r ibed .  The geometr ic  problem was, 
of course ,  c l e a r l y  understood a t  t he  t i m e ,  b u t  s e v e r a l  yea r s  passed b e f o r e  t h e  groundwave- 
skywave problem w a s  understood w e l l  enough t o  b u i l d  a high-accuracy system. 
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Figure 3.3. Average transmission delay corrections 
for LF Loran (SignaZ C o r p s ) .  

The i d e a l  s t a t i o n  c o n f i g u r a t i o n  t o  provide  maximum coverage w i t h  a s p e c i f i e d  accu- 
r acy  i s  t o  locate t h e  transmitters of  nominal 90-kW peak p u l s e  power, as used i n  the 

exper imenta l  system, i n  t h e  squa re  c o n f i g u r a t i o n  (700 m i l e s  on a s i d e ) ,  could  p rov ide  
5-mile accuracy over an area of 877,000 sq. m i l e s  du r ing  t h e  day and 6 7 0 , 0 0 0  sq. m i l e s  
a t  n i g h t .  By i n c r e a s i n g  t h e  s i z e  of t h e  square  t o  1 0 0 0  m i l e s  on a s i d e ,  t h e  day and 
n i g h t  coverage areas would be  1,790,000 and 1,370,000 sq. m i l e s ,  r e s p e c t i v e l y .  The v i r -  
t u e  of  t h e  squa re  c o n f i g u r a t i o n  i s  t h a t  t h e  l i n e s  of p o s i t i o n  i n t e r s e c t  n e a r l y  a t  r i g h t  
angles  over a maximum area (see f i g .  3 . 8 ) .  I n  p r a c t i c e ,  t h e r e  are many r e s t r i c t i o n s  on 
t r a n s m i t t e r  s i t e s  b u t  i n  any e v e n t ,  it i s  clear t h a t  s i t e s  should  be  chosen i n s o f a r  as 
p o s s i b l e  so  t h a t  t h e  l i n e s  of p o s i t i o n  i n t e r s e c t  a t  f avorab le  ang le s  i n  t h e  d e s i r e d  
coverage area. When t h e  t ime-d i f f e rence  r ead ings  are s u b j e c t  t o  l a r g e  v a r i a t i o n s ,  u s e f u l  
coverage can be ob ta ined  only  by op t imiz ing  t h e  geometr ic  c o n s i d e r a t i o n s  as w a s  done w i t h  
SS Loran. 

Techn ica l ly ,  it w a s  a n e a r - f a t a l  mis take  t o  reduce  t h e  bandwidth of t h e  sys tem so 
much t h a t  t h e  groundwave w a s  n o t  c l e a r l y  d i f f e r e n t i a t e d  from t h e  skywaves. It  w a s  hoped 
t h a t  t h e  composite p u l s e s  could  be  matched i n  t h e  same manner t h a t  had proven so success-  
f u l  w i th  s t a n d a r d  l o r a n .  But mutual i n t e r f e r e n c e  among t h e  groundwave and t h e  f irst  t w o  
skywave r e f l e c t i o n s  s e v e r e l y  d i s t o r t e d  t h e  l e a d i n g  edge of t h e  p u l s e s  and t h e  peak of  t h e  

p u l s e  w a s  subject t o  s h i f t s  of 50 ps or  more. The o p e r a t o r  w a s  c o n s t a n t l y  conf ron ted  
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PERCENTAGE OF THE DISTANCE ERRORS 
LESS THAN THE ORDINATE VALUE 

F i g u r e  3 . 4 .  Camp R i p l e y  d a t a  ( S i g n a l  C o r p s ) .  

PERCENTAGE OF THE DISTANCE ERRORS 
LESS THAN THE ORDlNATE VALUE 

F i g u r e  3 . 5 .  W r i g h t  F i e l d  d a t a  ( S i g n a l  C o r p s ) .  

with  t h e  ques t ion  of how t o  match t h e  pu l ses .  

t h e  r e l a t i v e l y  narrow bandwidth (about  8 kHz i n i t i a l l y )  of t h e  r e c e i v e r  tended t o  smooth 
and s t r e t c h  the  l ead ing  edge of t h e  p u l s e s .  
when, i n  f a c t ,  they were q u i t e  e r roneous .  

The ma t t e r  w a s  made even worse because 

Frequent ly  matches would appear  t o  be good 

There was no r e a l l y  c o r r e c t  way t o  match t h e  p u l s e s ,  b u t  two techniques  of some merit 
d i d  evolve from p r a c t i c e .  One w a s  t o  match t h e  s lopes  of t h e  f i r s t  p a r t  of t h e  l ead ing  
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F i g u r e  3 . 6 .  D i s t r i b u t i o n  of d a y t i m e  
e r r o r s ,  W r i g h t  F i e l d  
( S i g n a l  C o r p s ) .  

F i g u r e  3 .  7 .  D i s t r i b u t i o n  o f  n i g h t t i m e  
e r r o r s ,  W r i g h t  F i e l d  
( S i g n a l  C o r p s ) .  

F i g u r e  3 . 8 .  Loran  g r i d  f o r  s q u a r e  c o n f i g u r a t i o n  
of t r a n s m i t t e r s  ( S i g n a l  C o r p s ) .  
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edge. The o t h e r  w a s  t o  use  t h e  maximum r e c e i v e r  ga in  t h a t  n o i s e  would permi t  i n  o r d e r  
t o  f i n d  t h e  ear l ies t  d e t e c t a b l e  p u l s e  energy. I n  t h e  l a t te r  case, t h e  f i r s t  p o r t i o n  of  
t h e  l ead ing  edge of t h e  p u l s e s  would appear as v e r t i c a l  l i n e s  on t h e  o s c i l l o s c o p e .  Both 

techniques  had t h e  advantage of avoid ing  t h e  peak of t h e  p u l s e  which w a s  contaminated 

by Skywaves, b u t  n e i t h e r  provided  any gua ran tee  of a correct o r  r e p e a t a b l e  reading .  

I n  t h e  ORS s n a l y s i s  of t h e  d a t a  (Opera t iona l  Research S t a f f ,  1 9 4 6 ) ,  t h e  measure- 

ment errors ( o p e r a t o r  errors) w e r e  computed from t h e  t h r e e  t ime-d i f f e rence  r ead ings  as 
desc r ibed  i n  page 5. The s t anda rd  d e v i a t i o n s  of  t h e  t ime-d i f f e rence  r ead ings  w e r e  also 

computed. I n  t h e s e  computations,  it was assumed t h e r e  w a s  no v a r i a t i o n  i n  t h e  s l ave -  
t r a n s m i t t e r  synchron iza t ion .  The assumption w a s  j u s t i f i e d  as t h e r e  w a s  good ev idence  
t h a t  t h e  transmitters were synchronized on t h e  groundwave and t h e  synchron iza t ion  

t o l e r a n c e  w a s  h e l d  t o  less than  3 us. V a r i a t i o n s  i n  t h e  t ime-d i f f e rence  r ead ings  were 
presumed t o  be due t o  a c t u a l  v a r i a t i o n s  i n  t h e  t r ansmiss ion  t i m e  from t h e  t r a n s m i t t e r s  

t o  t h e  receiver p l u s  measurement e r r o r .  The computed measurement errors would be  com- 
p l e t e l y  independent of propagat ion  v a r i a t i o n s  i f  it had been p o s s i b l e  t o  measure t h e  
t h r e e  t ime-d i f f e rences  s imul taneous ly .  Ac tua l ly ,  t h e  r ead ings  i n  m o s t  cases were taken  
w i t h i n  a pe r iod  of  5 min o r  less. S ince  LF propagat ion  changes are g e n e r a l l y  r a t h e r  
slow, t h e  l ack  of s i m u l t a n e i t y  i n  t h e  measurements probably had l i t t l e  i f  any e f f e c t  
on t h e  computed va lues .  

The s t a n d a r d  d e v i a t i o n s  of t h e  measurement errors and of t h e  t ime-d i f f e rence  r ead ings  
are l i s t e d  i n  table 3.1.  

qu ick ly  shows t h e  s e r i o u s n e s s  of t h e  pulse-matching problem. 

A g lance  a t  t h e  measurement or ope ra to r  error Columns (0,) 

T a b l e  3 . 1 .  S t a n d a r d  d e v i a t i o n  o f  measurement  e r r o r s  
and t i m e  d i f f e r e n c e s  - p s .  

Monitoring Station Day Night 

- 
Wright Field, Ohio 

Watson Laboratory, New Jersey 

Camp Ripley, Minnesota 

For t  Crockett, Texas 

Mobile, Alabama 

Borinquen Field, Puerto Rico 

Trinidad 

Batista, Cuba 

Guantanamo, Cuba 

Vernam Field, Jamaica 

La Guaira, Venequela 

12. 6 

20. 6 

15. 4 

21.5 

14. 2 

18. 4 

14. 2 

50.9 

13. 5 

14. 1 

21.3 

11.6 

19.0 

12.9 

19. 8 

19. 8 

26. 8 

12.5 

15. 2 

29.4 

21. 6 

21.1 

18. 8 

29. 0 

12. 8 

21.5 

36. 5 

17. 8 

10.9 

30. 9 
30. 3 

16. 4 

25. 6 

20. 1 18. 1 

26. 2 22.3 

11.0 16. 0 

19.7 20. 3 

11.4 27.3 

14. 2 14. 4 

13. 4 25. 3 

25. 1 34.4 

11.7 - - _  
12.3 13.4 

15. 1 27. 7 

5 x  OY 5z 

23.7 26.9 27.5 

29.9 29.9 33.8 

18.7 27.3 24.0 

36.8 43. 0 22.4 

45.0 49.4 37.8 

12. 8 22. 3 15. 1 

22.6 24.4 20.4 

16.4 15.4 2. 6 

_ _ _  - - _  _ _ _  
8.7 26.0 16.0 

35. 9 18. 7 15.0 
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The tes t  program was s topped  a b r u p t l y  wi th  t h e  t e rmina t ion  of the  w a r .  Even though 

t h e  immediate need f o r  t he  system vanished ,  it w a s  f o r t u n a t e  t h a t  funds w e r e  a v a i l a b l e  
t o  complete t h e  d a t a  a n a l y s i s .  While t h e  exper imenta l  system w a s  f a r  from p e r f e c t ,  a 
g r e a t  d e a l  w a s  l ea rned  about  low-frequency nav iga t ion  systems.  There w a s  t i m e  t o  t h ink  
about  o t h e r  a p p l i c a t i o n s ,  bo th  c i v i l  and m i l i t a r y .  

Shor t ly  a f t e r  t h e  w a r ,  Opera t ion  Musk-ox w a s  p lanned.  This  w a s  a Canadian Army 
e x e r c i s e  invo lv ing  t h e  c ross -count ry  movement of personnel  and a v a r i e t y  of  v e h i c l e s  
n e a r  t h e  no r th  magnet ic  po le  i n  win te r t ime .  
dropped by t h e  RCAF. Navigat ion,  however, p a r t i c u l a r l y  i n  bad weather ,  would p r e s e n t  
problems i n  a r eg ion  where t h e  magpet ic  compass w a s  of g r e a t l y  reduced va lue .  

Suppl ies  f o r  t h e  ground p a r t y  would be air-  

A s  a j o i n t  under tak ing  by t h e  U.S. and Canadian Governments, it was decided t o  move 
t h e  LF Loran s t a t i o n s  t o  new l o c a t i o n s  where optimum coverage would be provided f o r  
supply ing  t h e  ground p a r t y .  Respons ib i l i t y  f o r  moving and r e i n s t a l l i n g  t h e  system was 
ass igned  t o  t h e  A i r  Materiel Command of t h e  Army A i r  Forces .  
Manitoba, Hamlin, Saskatchewan, and Dawson Creek, B r i t i s h  Columbia, were s e l e c t e d ,  and 
t h e  r e i n s t a l l a t i o n  was accomplished du r ing  January and February ,  1 9 4 6 .  

T ransmi t t e r  s i t es  a t  G i m l i ,  

The use of LF Loran i n  Operat ion Musk-ox was l a r g e l y  of an o p e r a t i o n a l  n a t u r e  b u t  
e f f o r t s  were made t o  o b t a i n  t h e  propagat ion  d a t a  and t o  f u r t h e r  e v a l u a t e  t h e  system. 
Ground-monitoring s t a t i o n s  were e s t a b l i s h e d  a t  C h u r c h i l l ,  Yellow Knife ,  Baker Lake, 
Norman W e l l s ,  and Por tage  La P r a i r i e ,  G louces t e r ,  Edmonton, and Fa i rbanks .  

A f t e r  Operat ion Musk-ox was completed i n  t h e  e a r l y  summer of 1 9 4 6 ,  t h e  LF Loran 
system was kep t  i n  s e r v i c e  u n t i l  September, 1 9 4 7 ,  f o r  extended t e s t i n g .  The extended pro- 
gram w a s  c a l l e d  Operat ion Musk Calf and w a s  sponsored j o i n t l y  by t h e  U . S .  A i r  Force ,  t h e  

Royal Canadian A i r  Force ,  t h e  Royal Canadian Navy, and t h e  Royal Canadian Corps of 
S igna l s .  

The performance of the  system w a s  e n t i r e l y  c o n s i s t e n t  wi th  t h e  e s t i m a t e s  made i n  
t h e  ORs-P-23 r e p o r t  based on t h e  earlier e a s t - c o a s t  tes ts .  
us ing  t h e  system was gained.  By present-day s t anda rds  t h e  accuracy w a s  n o t  good b u t ,  
i n  gene ra l ,  p i l o t s  and nav iga to r s  were p l eased  wi th  t h e  system. 

Extens ive  exper ience  i n  

A pe r sona l  exper ience  of the author'may i l l u s t r a t e  i n  p a r t  why a g r e a t  many looked 
upon LF Loran wi th  f avor .  On a n i g h t  f l i g h t  from Hamlin, Saskatchewan, t o  G i m l i ,  

Manitoba i n  w i n t e r ,  w e  encountered bad weather.  Everything w a s  normal u n t i l  w e  r e a l i z e d  
w e  w e r e  l o s t .  By t h a t  t i m e  it was n i g h t  and it was snowing. LF Loran equipment w a s  
aboard ,  b u t  w e  w e r e  n o t  i n  a r eg ion  where good f i x  accuracy w a s  p rovided .  Only one 

l i n e  of p o s i t i o n  w a s  good. L t .  Commander L.C.  Read (nav iga to r )  w a s  a b l e  t o  g e t  a 
reasonably  good r a d i o  DF bea r ing  on a b roadcas t  s t a t i o n  whi le  I was keeping t r a c k  of 
t h e  LF Loran l i n e  of p o s i t i o n .  W e  f i n a l l y  obta ined  a f i x  of s o r t s  and found w e  were 
o f f  course  about  60 m i  n o r t h  of our  d e s t i n a t i o n .  The rest of t h e  f l i g h t  was unevent fu l .  

I n  s i t u a t i o n s  l i k e  t h a t ,  1 m i  o r  5-mi accuracy w a s  l a r g e l y  an academic ma t t e r .  The i m -  
p o r t a n t  p o i n t  was t h a t  w e  e s t a b l i s h e d  our  p o s i t i o n  w e l l  enough t o  reach  our  d e s t i n a t i o n  
s a f e l y .  

On many o t h e r  occas ions ,  where a i r c r a f t  w e r e  f l y i n g  i n  t h e  s e r v i c e  a r e a  i n  good 
weather  t o  check f i x  accuracy ,  t h e  r e s u l t s  w e r e  q u i t e  good. There were e r r o r s ,  of 
cour se ,  b u t  a t  2 0 , 0 0 0  o r  30 ,000-f t  a l t i t u d e ,  an e r r o r  of 5 m i  o r  so  d i d  n o t  seem very  
s i g n i f i c a n t  . 
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Q u a l i t a t i v e l y ,  t h e  accuracy ob ta ined  on f l i g h t s  seemed t o  be b e t t e r  than  would be ex- 
pected  f r o m  t h e  ground-monitoring d a t a .  However, monitor ing on t h e  ground and us ing  

t h e  system f o r  nav iga t ion  are q u i t e  d i f f e r e n t .  I n  t h e  a i r ,  t h e  o b j e c t i v e  i s  t o  es- 
t a b l i s h  t h e  p o s i t i o n  and track of t h e  a i r c r a f t .  The nav iga to r  can d i s r e g a r d  " w i l d "  

r ead ings  and average t h e  rest i n  p l o t t i n g  t h e  course .  

There was clear and d e f i n i t e  need f o r  a long-range nav iga t ion  f a c i l i t y  i n  t h e  f a r  
no r th  beyond t h e  coverage a r e a  of t h e  Musk Ox-Musk Calf cha in .  "Operat ion Beetle" was 
i n i t i a t e d  by t h e  U . S .  A i r  Force t o  provide  coverage i n  the A r c t i c  for t r a i n i n g ,  photo- 
g raph ic ,  and weather miss ions .  This  p r o j e c t  c a l l e d  f o r  t he  i n s t a l l a t i o n  of a complete 
o p e r a t i o n a l  LF Loran cha in  wi th  t r a n s m i t t e r s  t o  be loca ted  a t  Sku l l  C l i f f ,  A l a s k a ,  

K i t t i g a z u i t  and Cambridge Bay, Northwest T e r r i t o r i e s ,  and cont ro l -moni tor ing  s t a t i o n s  
a t  Barter I s l a n d  and Saw M i l l  Bay. I n  c o n t r a s t  t o  t h e  exper imenta l  cha in ,  625-f t  s e l f -  
suppor t ing  s tee l  towers would r ep lace  t h e  bal loon-supported an tennas ,  and a l l  new t r a n s -  
m i t t i n g  equipment designed f o r  o p e r a t i o n a l  use  would be b u i l t .  Actual  p lanning  s t a r t e d  
i n  February 1 9 4 7  when t h e  Commanding General (Watson Labora to r i e s ,  AMC, 1948) was given 
t h e  r e s p o n s i b i l i t y  f o r  e s t a b l i s h i n g  t h e  cha in .  I t  w a s  hoped t o  complete t h e  i n s t a l l a t i o n  
by October 1st of t he  same yea r .  Two of t h e  t h r e e  t r a n s m i t t i n g  s t a t i o n s ,  however, were 
n o t  f i n i s h e d  u n t i l  t h e  summer of 1948. 

Planning of t h e  p r o j e c t  appears  i n  r e t r o s p e c t  t o  have been too  has ty .  Procurement 

of m a t e r i a l s  and t h e  l o g i s t i c s  of t h e  ope ra t ion  d i d  n o t  f i t  to .gether  e f f i c i e n t l y .  Exces- 
s i v e  c o s t s  and de lays  r e s u l t e d  be fo re  t h e  i n s t a l l a t i o n  was f i n a l l y  completed. 

A major cost i t e m  w a s  t h e  e r e c t i o n  of t h e  625-f t  towers. The i n s t a l l a t i o n s  were 
unique i n  t h a t  t h e  foundat ions  were set  i n  permafros t .  A t  Cambridge Bay, s p e c i a l  re- 
f r i g e r a t i o n  equipment had t o  be used t o  prevent  the h e a t  of t h e  s e t t i n g  conc re t e  from 
caus ing  excess ive  mel t ing  and s e t t l i n g .  Even wi thout  s p e c i a l  problems, t h e  c o s t  of con- 
s t r u c t i o n  a t  i s o l a t e d  a r c t i c  bases  i s  very g r e a t .  

One s i n g l e  mistake of b lunder  p ropor t ions  caused t h e  f a i l u r e  of the system. The 
groundwave s i g n a l  was t o o  weak t o  synchronize t h e  Cambridge Bay s l a v e ,  and t h e  S k u l l  

Cl iFf  s l a v e  could be synchronized only wi th  the  a i d  of a control-monitor  s t a t i o n  nea r  
t h e  midpoint  of t h e  b a s e l i n e  ( B a r t e r  I s l a n d ) .  The l o c a t i o n  of t h e  b a s e l i n e s  over  perma- 
f r o s t  had n o t  been taken i n t o  account .  I n  a l l  f a i r n e s s  it must be po in ted  o u t  t h a t  LF 

propagabion was no t  understood a s  w e l l  then as now so the  mistake should  n o t  be viewed 
t o o  ha r sh ly  from a t e c h n i c a l  s t andpo in t .  Perhaps t h e  program should be c r i t i c i z e d  more 
f o r  n o t  u s ing  c o r r e c t i v e  measures such a s  i n c r e a s i n g  t h e  t r a n s m i t t e r  power and/or 
lowering t h e  frequency.  

The r e c e i v e r  bandwidth had been inc reased  from 8 kHz t o  20 kHz. This  w i l l  be  d i s -  

cussed i n  some d e t a i l  l a te r .  The wider  bandwidth, which responded t o  more n o i s e ,  w a s  
a t t r i b u t e d  i n  p a r t  t o  t h e  synchron iza t ion  d i f f i c u l t i e s .  

A l i m i t e d  number of f i e l d - s t r e n g t h  measurements (P ickard  and Burns, Inc .  , F i n a l  
Engrg. Report ,  1950) w e r e  made i n  t h e  v i c i n i t y  of bo th  t h e  S k u l l  C l i f f  and t h e  X i t t i q a z u i t  
s t a t i o n s .  Reduced t o  a d i s t a n c e  of 1 m i ,  t h e  measurements gave f i e l d - s t r e n g t h  va lues  
of 1 .8  and . 2  V/m, r e s p e c t i v e l y .  I t  is q u i t e  probable  t h a t  t h e  ground system a t  
K i t t i g a z u i t  w a s  inadequate ,  and e v i d e n t l y  t h e  r a d i a t e d  power was reduced t o  about  h a l f  
t h e  normal va lue .  The lower power of t he  master s t a t i o n  i n  combination wi th  t h e  a t t e n -  

ua t ion  over  t h e  longer  pa th  t o  t h e  Cambridge Bay s l a v e  (612  nmi) made it imposs ib le  
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t o  achieve  s a t i s f a c t o r y  synchron iza t ion .  Even wi th  t h e  a i d  of t h e  cont ro l -moni tor  
s t a t i o n  a t  Saw M i l l  Bay, proper  system ope ra t ion  proved t o  be v i r t u a l l y  imposs ib le .  
E f f o r t s  t o  synchronize t h e  Cambridge Bay s l a v e  w e r e  abandoned e a r l y  i n  1949  and t h e  
e n t i r e  program w a s  t e rmina ted  i n  February 1950. That was the end of LF Loran as a system. 

During t h e s e  programs, some exper imenta t ion  w a s  performed t o  develop r e c e i v e r s  that  
would provide  more a c c u r a t e  t ime-dif  f e r e n c e  readings .  These e f f o r t s  , whi le  they  d i d  n o t  
r e s u l t  i n  immediate success ,  marked t h e  beginning  of a success ion  of t e c h n i c a l  develop- 
ments t h a t  e v e n t u a l l y  l e d  t o  the measurement techniques  used i n  t h e  present -day  Loran-C 
system. The m o s t  noteworthy of t h e s e  exper imenta l  e f f o r t s  w a s  i n c r e a s i n g  t h e  r e c e i v e r  
bandwidth from 8 kHz t o  20 kHz and matching t h e  r f  cyc le s  i n s t e a d  of t h e  p u l s e  envelopes.  

The g r e a t e r  bandwidth w a s  needed t o  avoid  d i s t o r t i n g  the l ead ing  edge of t h e  pu l se .  
I t  w a s  hoped t h a t  the beginning or f i r s t  r f  cyc le  i n  t h e  p u l s e  envelope could  be seen  on 
the o s c i l l o s c o p e  of t h e  nav iga t ion  r e c e i v e r s .  The inc reased  measurement p r e c i s i o n  t h a t  

could  be achieved by matchng c y c l e s  i n s t e a d  of p u l s e  envelopes is  s e l f - e v i d e n t .  

The experiment  w a s  n e a r l y  s u c c e s s f u l .  Unfor tuna te ly ,  n o i s e  prevented  r e l i a b l e  iden-  
t i f i c a t i o n  of t h e  beginning  of t h e  pu l se .  Consequently, t h e  t ime-di f fe rence  r ead ings  
w e r e  d i s t r i b u t e d  i n  groups a t  i n t e r v a l s  of 1 cyc le .  The sp read  of t h e  groups w a s  about  
t h e  same as t h e  spread  i n  the convent iona l  envelope r ead ings ,  so most eng inee r s  a t  t h a t  
t i m e  were quick t o  conclude t h a t  t h e r e  w a s  no m e r i t  i n  cyc le  matching. That  conclus ion  
i s  documented by t h e  fo l lowing  paragraphs t h a t  a r e  quoted from the f i n a l  eng inee r ing  
r e p o r t  on LF Loran ( B e e t l e )  by t h e  eng inee r ing  f i r m  of P ickard  and Burns (P ickard  and 
Burns, I n c . ,  1950) :  

I n  t h e  technique  of cyc le  matching, t h e  u n r e c t i f i e d  rad io-  
f requency of  i n t e rmed ia t e  f requency ,  s i g n a l s  are d i sp layed  on t h e  
o s c i l l o s c o p e  and c y c l e s  of t h e  master s i g n a l  are superimposed on 
c y c l e s  of the s l a v e  s i g n a l .  I t  i s  an i n t r i g u i n g  t r i c k  of i n s t r u -  
mentat ion.  I d e a l l y  t h e  s i g n a l s  could be h e l d  i n  synchronism wi th  
a p r e c i s i o n  of a f r a c t i o n  of a cyc le  (5.5 micro-seconds) .  Ac tua l ly  
it i s  imposs ib le  t o  i d e n t i f y  cyc le s  a t  t h e s e  f r equenc ie s  wi th  a 
r easonab le  bandwidth. Because of  t h e  u n c e r t a i n t y  of s e l e c t i n g  
cyc le s  t h e  technique  i s  mis leading .  I t  l e a d s  t h e  o p e r a t o r  t o  be- 
l i e v e  he i s  main ta in ing  p r e c i s e  synchronism when a c t u a l l y  he may 
be ho ld ing  t h e  wrong cyc le  and would do b e t t e r  t o  match t h e  lead-  
i n g  edges of the r e c t i f i e d  s i g n a l s .  

The p r a c t i c e  of c y c l e  matching h a s  in f luenced  t h e  choice  of  
bandwidth and the des ign  of equipment f o r  t h r e e  long and expensive 
progrdms. Now a t  last it has  been abandoned as i m p r a c t i c a l .  

Based on t h e  conclus ions  i n  the preceding  two paragraphs ,  P ickard  and Burns 
(P ickard  and Burns,  I n c . ,  1950)  made t h e  fo l lowing  recommendations i n  r ega rd  t o  ground- 

waves, skywaves , and bandwidth : 

W e  have concluded t h a t  Low Frequency Loran i s  a system of com- 
p o s i t e  groundwave and skywave p u l s e s  and t h a t  i ts range  i s  t o o  s h o r t .  
S ince  t h e  o r i g i n a l  reason  f o r  choosing t h e  wide bandwidth, t h e  r e so lu -  
t i o n  of groundwaves and skywaves no longer  a p p l i e s ,  t h e  range can now 
be inc reased  by dec reas ing  t h e  bandwfdth. I f  f o r  i n s t a n c e ,  t h e  band- 
width were reduced from 20 t o  5 kHz w e  might expec t  t h e  t r a q s m i t t e d  
power and the s e n s i t i v i t y  of the a i r b o r n e  r e c e i v i n g  system t o  be i n -  
c r eased  by a f a c t o r  of two . . . 
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Pickard  and Burns f u r t h e r  recommended us ing  a lower frequency such as 1 0 0  kHz. 
The meri ts  o f  t h e  lower frequency f o r  i nc reased  range were obv ious ,  b u t  t h e  q u e s t i o n  

of  cyc le  i d e n t i f i c a t i o n  w a s  n o t  an obvious matter a t  t h a t  t i m e .  Experienced eng inee r s  
working i n  t h e  f i e l d  of LF r a d i o  nav iga t ion  w e r e  d iv ided  i n t o  e s s e n t i a l l y  t h r e e  groups 
on t h e  i s s u e  of  cyc le  i d e n t i f i c a t i o n .  Some e l a b o r a t i o n  on t h i s  p o i n t  i s  impor tan t  be- 

cause r e s o l u t i o n  of t h e  matter l a r g e l y  determined t h e  f u r t h e r  development of LF p u l s e  
nav iga t ion  sys tems.  

The t h r e e  groups w e r e  made up of  t hose  who (1) w e r e  convinced t h a t  c y c l e  i d e n t i -  
f i c a t i o n  w a s  p o s s i b l e ,  ( 2 )  b e l i e v e d  t h a t  cyc le  i d e n t i f i c a t i o n  w a s  not p o s s i b l e ,  and 
( 3 )  had no  s t r o n g  conv ic t ions  one way o r  t h e  o t h e r .  The au tho r  i s  i d e n t i f i e d  wi th  t h e  

f i r s t  group and wh i l e  i n  Edmonton, A l b e r t a ,  wi th  t h e  “B-29 group“ d u r i n g  t h e  Musk-ox 
o p e r a t i o n  ( w i n t e r ,  1946-47),  proposed t h a t  t h e  l e a d i n g  edge of t h e  p u l s e  could be f r e -  
quency-modulated t o  mark o r  i d e n t i f y  any p a r t i c u l a r  cyc le .  B r i e f l y ,  t h e  proposed 
scheme w a s  t h a t  by s h i f t i n g  t h e  carrier frequency up and down on a l t e r n a t e  p u l s e s ,  an 
o s c i l l o s c o p e  d i s p l a y  would show t h e  traces of  1 cyc le  superimposed, wh i l e  t h e  traces 
of t h e  o t h e r  cyc le s  would be  s e p a r a t e d .  The i d e a  w a s  never  t r i e d ,  and it i s  doub t fu l  
if any of t h e  correspondence on t h e  s u b j e c t  i s  s t i l l  i n  e x i s t e n c e .  I n  t h e  l i g h t  of 
p r e s e n t  knowledge, it i s  clear t h a t  t h e  proposed method of cyc le  i d e n t i f i c a t i o n  w a s  
sound i n  p r i n c i p a l  b u t  it ga ined  no  f a v o r  a t  t h a t  t i m e .  

S h o r t l y  a f t e r  WW 11, m i l i t a r y  requi rements  f o r  a p r e c i s i o n ,  long-range bombing 
system w e r e  emerging. The development of such a system hinged on t h e  development of 
a nav iga t ion  or guidance system which could provide  t h e  r e q u i r e d  accuracy ,  range ,  and 
r e l i a b i l i t y .  The p o s s i b i l i t y  of p e r f e c t i n g  techniques  f o r  cyc le  i d e n t i f i c a t i o n  and 

cyc le  matching o f f e r e d  t h e  g r e a t e s t  hope f o r  meeting t h e  requi rements .  

I n  1946, t h e  Rome A i r  Development Center  p l aced  t w o  development c o n t r a c t s  f o r  t h e  
purpose of  ach iev ing  a low-frequency system t h a t  would provide  t h e  ‘naviga t ion  o r  guid- 
ance component of  t h e  bombing system. The o b j e c t i v e s  of t h e  t w o  developments w e r e  
i d e n t i c a l  b u t  t h e  proposed in s t rumen ta t ion  techniques  were q u i t e  d i f f e r e n t .  One con- 
t r ac t  was wi th  Sper ry  Gyroscope Co., f o r  a p u l s e  system (Cyclan) , and t h e  o t h e r  w a s  
wi th  Sy lvan ia  f o r  an FM sys tem (Whyn). The two systems w e r e  e n t i r e l y  compe t i t i ve  and 
it w a s  understood t h a t  t h e  one demonst ra t ing  t h e  g r e a t e r  f e a s i b i l i t y  would be  s e l e c t e d ,  
assuming, of  cour se ,  t h a t  minimum requi rements  could  be m e t .  

Both systems w e r e  f a r  more acivanced than  LF Loran i n  t h a t  c r o s s - c o r r e l a t i o n  de tec-  

t i o n  t echn iques  w e r e  used and completely au tomat ic  receiver o p e r a t i o n  would b e  contem- 
p l a t e d .  Like loran, both  systems used t h e  same concepts  of master and s l a v e  synchroni- 
z a t i o n .  I n  c o n t r a s t  t o  LF Loran, bo th  systems were p r e d i c a t e d  on s e p a r a t i n g  t h e  ground- 
wave from t h e  skywave a t  t h e  r e c e i v e r  u s ing  only  t h e  groundwave f o r  t ime-d i f f e rence  
measurements i n  o r d e r  t o  achieve  h igh  accuracy .  T o  accomplish t h e  groundwave-skywave 
s e p a r a t i o n  , bo th  systems used s u b s t a n t i a l l y  g r e a t e r  bandwidth than  LF Loran. 

r a d i c a l l y  d i f f e r e n t  viewpoint on bandwidth from t h a t  h e l d  d u r i n g  t h e  LF Loran development 
w a s  defended on t h e  b a s i s  o f  m i l i t a r y  requi rements .  It  w a s  r e a l i z e d  t h a t  groundwaves 
and skywaves could  n o t  be s e p a r a t e d  by any means o t h e r  t han  us ing  an a p p r o p r i a t e l y  wide 

bandwidth. J u s t  how much bandwidth would be needed w a s  n o t  t o o  w e l l  understood. 

The 
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The Cyclan system used two sets of p u l s e s  which rose t o  f u l l  ampli tude i n  about 
50 t o  60  ps or approximately 2-1/2 t i m e s  f a s t e r  than  t h e  LF Loran p u l s e s .  One set  w a s  
cen te red  on 180 kHz and t h e  o t h e r  on 200  kHz. (The l a t te r  frequency w a s  changed t o  
160  kHz t o  reduce i n t e r f e r e n c e  t o  o t h e r  r a d i o  sys tems. )  
s p e c t r a l  width of approximately 20 kHz s o  t h e  system r e q u i r e d  a t o t a l  bandwidth of 
40 kHz. The pulse-envelope de lay  and r e l a t i v e  phase measurements were made on both  sets 
of  p u l s e s .  The only  j u s t i f i c a t i o n  f o r  t h e  second set  of p u l s e s  w a s  t h a t  it w a s  es t i -  
mated t h a t  t h e  envelope t ime-di f fe rence  measurement would n o t  be a c c u r a t e  enough t o  

i d e n t i f y  t h e  " c o r r e c t "  or corresponding  r f  c y c l e s  of t h e  p u l s e s .  By us ing  two phase- 
locked f r e q u e n c i e s ,  t h e  longer  pe r iod  o r  a cyc le  of t h e  d i f f e r e n c e  frequency ( 2 0  kHz) 
could be  r e so lved  and, i n  t u r n ,  t h e  r e l a t i v e  phase of cor responding  c y c l e s  i n  e i t h e r  
se t  of pu l ses  could be determined wi thou t  ambigui ty .  

Each set  of p u l s e s  occupied a 

The Whyn system, from an in s t rumen ta t ion  s t a n d p o i n t ,  had very  l i t t l e  i n  common wi th  
Cyclan,  and i n i t i a l l y  appeared t o  be capable  of performing t h e  r equ i r ed  func t ions  wi th  

b e t t e r  spectrum economy. I t  w a B  claimed t h a t  by v i r t u e  of t he  FM approach t o  t h e  problem, 
much h i g h e r  average power could be t r a n s m i t t e d  than  would be p o s s i b l e  wi th  t h e  p u l s e  sys-  
t e m .  During t h e  course  of development, however, t h e  spectrum requi rements  had t o  be re- 
v i s e d  upward t o  achieve  t h e  necessary  range and s e p a r a t i o n  of groundwaves and skywaves. 
I n  t h i s  connec t ion  , t h e  t r ansmiss ions  were desc r ibed  as "frequency modulated" wi th  a 
"shaped spectrum".  I n  r e a l i t y ,  t h e  t r ansmiss ions  evolved i n t o  frequency modulated, long  
pu l ses .  F i n a l l y ,  it w a s  g e n e r a l l y  agreed  t h a t ,  i n  p r i n c i p l e ,  t h e  system requi rements  
could be m e t  by e i t h e r  Cyclan or Whyn and t h a t ,  u l t i m a t e l y ,  t h e  power and bandwidth 
would be about  t h e  same i n  e i t h e r  case. As a p r a c t i c a l  matter, however, t h e r e  w a s  one 
major d i f f e r e n c e  between t h e  two systems.  The Whyn system p resen ted  what appeared t o  
be a lmost  insurmountable  d i f f i c u l t i e s  i n  main ta in ing  t h e  necessary  phase s t a b i l i t y  of 
t h e  s idebands .  Sideband s t a b i l i t y  w a s  no problem i n  t h e  p u l s e  system. 

Development of t h e  exper imenta l  Cyclan system took about  4 yea r s .  F i e l d  tests were 
made du r ing  t h e  pe r iod  from October 1950 t o  June 1951. Development of t h e  Whyn system 
w a s  f i n a l l y  abandoned i n  1952 wi thou t  a t t empt ing  any f i e l d  tests. 

The Cyclan f i e l d  tests were c a r r i e d  o u t  on t h e  w e s t  c o a s t  where two 650-f t  v e r t i c a l  
antennas be longing  t o  Mackay Radio were a v a i l a b l e  f o r  t h e  t r a n s m i t t e r s .  One was l o c a t e d  
a t  Pa lo  Al to ,  C a l i f o r n i a ,  and t h e  o t h e r  a t  H i l l s b o r o ,  Oregon. For  economy, only  one 
p a i r  of s t a t i o n s  w a s  used. Only one exper imenta l  r e c e i v e r  was b u i l t  and it was i n s t a l l e d  
i n  a van so it could be moved convenient ly  t o  a number of l o c a t i o n s  (see f i g .  3 . 9 ) .  For 
t h e  t e s t  program, t h r e e  sets of l o ran - rece iv ing  equipment w e r e  e x t e n s i v e l y  modif ied and 
i n s t a l l e d  i n  f i x e d  l o c a t i o n s  f o r  moni tor ing  and t o  assist i n  t h e  o p e r a t i o n  of t h e  t r a n s -  
m i t t e r s .  These equipments had convent iona l  o s c i l l o s c o p e  d i s p l a y s  and, consequent ly ,  
t h e  accuracy of t h e  t ime-d i f f e rence  measurements w a s  l i m i t e d .  They w e r e ,  however, q u i t e  
u s e f u l  f o r  d e t e c t i n g  t r o u b l e  a t  t h e  t r a n s m i t t e r s .  One se t  w a s  i n s t a l l e d  a t  Medford, 
Oregon, n e a r  t h e  c e n t e r  of t h e  b a s e l i n e  and t h 8  o t h e r  two sets w e r e  i n s t a l l e d  on t h e  
b a s e l i n e  ex tens ions .  These i n s t a l l a t i o n s ,  however, w e r e  n o t  made a t  t h e  beginning  of 
t h e  t es t  program. The need f o r  t h e  monitors  w a s  n o t  c l e a r l y  seen  u n t i l  s h o r t l y  a f t e r  
t h e  tests were s t a r t ed ' .  

The s e r v i c e s  of t h e  S i e r r a  E l e c t r o n i c  C o . ,  of San Car los ,  C a l i f o r n i a ,  w e r e  engaged 
t o  i n s t a l l  and o p e r a t e  t h e  system under t h e  s u p e r v i s i o n  of Sper ry  eng inee r s .  The 
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Figure 3 . 9  CycZan mobi le  r e c e i v e r .  

C e n t r a l  Radio Propagat ion  Laboratory (CRPL) o f  t h e  Na t iona l  Bureau of  S tandards  (NBS) 
had t h e  r e s p o n s i b i l i t y  of  e v a l u a t i n g  t h e  system tests and ana lyz ing  t h e  da ta  from a 
r a d i o  propagat ion  s t a n d p o i n t  (Hef ley ,  1953)  . 

The Cyclan in s t rumen ta t ion  w a s  q u i t e  complex. There w e r e  many ad jus tment  problems 
and component f a i l u r e s ,  b u t  i n  view of t h e  new and i n t r i c a t e  c i r c u i t s  and c i r c u i t  func- 
t i o n s ,  such d i f f i c u l t i e s  were unders tandable .  The primary o b j e c t i v e  w a s  t o  demonst ra te  
t h e  p r i n c i p l e s  of t h e  system and i n  t h i s  r ega rd ,  t h e  Cyclan development w a s  h igh ly  
s i g n i f i c a n t .  

The f a s t - r i s i n g  p u l s e s  (as compared t o  those  used i n  LF Loran) i n  combination w i t h  
sampling g a t e s  which ope ra t ed  on t h e  l ead ing  edges ,  made it p o s s i b l e  t o  measure t h e  phase 
and eve lope  t i m e  d i f f e r e n c e s  on t h e  groundwave only .  The f i r s t  measurements were made on 
t h e  s l a v e  b a s e l i n e  ex tens ion  nea r  H i l l s b o r o ,  Oregon. I n  s p i t e  of some equipment t r o u b l e s  
when t h e  system w a s  f u n c t i o n i n g  p r o p e r l y ,  t h e  phase r ead ings  showed a s t a b i l i t y  t h a t  w a s  
about 1 0 0  t i m e s  b e t t e r  t han  t h e  LF Loran envelope t ime-d i f f e rence  measurements. The 

e f f e c t i v e n e s s  of t h e  c r o s s - c o r r e l a t i o n  phase d e t e c t o r  i n  o p e r a t i n g  on a weak s i g n a l  i n  t h e  
presence  o f  no i se  w a s  no th ing  s h o r t  of remarkable a t  t h a t  t i m e .  I n i t i a l l y ,  a convent iona l  
d iode  d e t e c t o r  w a s  used i n  connecti,on wi th  t h e  envelope t ime-d i f f e rence  measurements. Dur- 
i n g  t h e  tests it w a s  r ep laced  wi th  a c o r r e l a t i o n  d e t e c t o r ,  b u t  even t h e  d iode  d e t e c t o r  per- 
formed wi th  a f a i r  degree  o f  s a t i s f a c t i o n .  The envelope measurements w e r e  s u b j e c t  t o  
s e v e r a l  microseconds of v a r i a t i o n s ,  b u t  most of t h e  t i m e  t h e  excur s ions  w e r e  less than  
- + 2 . 5  p s  which was adequate t o  avoid  cyc le  ambiguity.  

The r e s u l t s  of  t h e  s l a v e  b a s e l i n e  ex tens ion  measurements are shown i n  f i g u r e  3 .10 .  
The d a t a  f o r  curve 1 w e r e  ob ta ined  by o p e r a t i n g  t h e  equipment wh i l e  d r i v i n g  t h e  van s lowly  
a long  a highway which c rossed  t h e  b a s e l i n e  ex tens ion  a t  approximately 9 0 ° .  The d a t a  f o r  
curve 2 w e r e  ob ta ined  by moni tor ing  a t  f o u r  l o c a t i o n s  as shown. I t  w a s  n o t  f e a s i b l e  t o  
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F i g u r e  3 . 1 0 .  Cyclan b a s e l i n e  e x t e n s i o n  d a t a .  

make measurements wh i l e  i n  motion i n  t h a t  area. I n  t h e  d a t a  a n a l y s i s ,  it w a s  presumed 
t h a t  t he  measurements a t  l o c a t i o n  C w e r e  i n  e r r o r .  Consequent ly ,  t hey  w e r e  d i s r ega rded  
i n  drawing a smooth curve through A ,  B ,  and D. As can be seen  i n  s e c t i o n  9, t h e  two sets 
of measurements i n  f i g u r e  3.10 are i n  reasonably  good agreement wi th  t h e  theo ry  and wi th  
o t h e r  measurements made much la ter .  

The f i r s t  f i x e d  moni tor ing  s t a t i o n  w a s  i n s t a l l e d  a t  Medford s h o r t l y  a f t e r  t h e  s l a v e  
b a s e l i n e  ex tens ion  measurements were completed. The nex t  major s t e p  i n  t h e  t es t  program 
w a s  t o  measure t h e  r o u n d t r i p  t r ansmiss ion  t i m e  over  t h e  b a s e l i n e .  The van s topped  a t  
Medford en rou te  t o  t h e  master s t a t i o n  a t  Pa lo  Al to .  The t ime . -d i f f e rence  r ead ings  ob ta ined  
wi th  t h e  two sets of equipment compared q u i t e  w e l l .  While the measuring accuracy of t h e  
equipment a t  t h e  f i x e d  s t a t i o n  w a s  only about  5 0.5 us ,  it w a s  e v i d e n t  t h a t  t h e r e  w e r e  no 
g ross  d i sc repanc ie s  between t h e  readings  of t h e  two receivers. 

The measured r o u n d t r i p  t i m e s  a t  two l o c a t i o n s ,  about  1 m i  a p a r t ,  and on t h e  mas ter  
b a s e l i n e  ex tens ion  were 13980.81 and 13980.76 us. The computed va lue  (wi thout  c o r r e c t i o n s )  

f o r  both l o c a t i o n s  w a s  13972.40 us. The d i f f e r e n c e  of 0.05 ps between t h e  measured va lues  
could have been a t t r i b u t e d  t o  a number of causes  , b u t  such a sma l l  d i screpancy  w a s  c l o s e  t c  
t h e  o v e r a l l  accuracy of t h e  exper imenta l  system. 
averaged or simply rounded t o  13980.8 ps. 

The measured va lues  could  be e i t h e r  

The s i g n i f i c a n t  f a c t  i s  t h a t  t h e  a c t u a l  t r ansmiss ion  t i m e  w a s  8.6 us g r e a t e r  t han  t h e  
computed t i m e  f o r  a r a d i o  wave t r a v e l i n g  t h e  same d i s t a n c e  i n  a i r ,  and about  3.0 t o  3.5 Lis 
g r e a t e r  t han  could  be exp la ined  by p l ane -ea r th  propagat ion  theory .  The measurement accu rac  

w a s  ample t o  show t h a t  more rea l i s t ic  propagat ion  theory  would be r equ i r ed  t o  p r e d i c t  t h e  
t ime-di f fe rence  r ead ings .  Conversely,  it became e v i d e n t  t h a t  measurement techniques  which 
were p r e c i s e  enough t o  reveal d e f i c i e n c i e s  i n  t h e  a v a i l a b l e  propagat ion  theo ry  could  be 
u s e d . t o  advantage i n  r e v i s i n g  and improving t h e  theory .  

22  



A more adequate  theory  would have t o  t ake  i n t o  account such parameters  as t h e  cur- 
v a t u r e  of t h e  e a r t h ,  mountains, and v a r i a b l e  or mixed conduc t iv i ty  a long  t h e  propagat ion  
pa th .  I t  was also obvious that a g r e a t  d e a l  of t i m e  would be r equ i r ed  t o  develop such 
a theory .  However, an encouraging observa t ion  w a s  t h a t  t h e  phase of t he  groundwave w a s  
very s t a b l e  and appa ren t ly  n o t  s u b j e c t  t o  d i u r n a l  o r  o t h e r  v a r i a t i o n s .  That i s ,  t h e  
t ime-di f fe rence  readings  had a high degree of r e p e a t a b i l i t y  , and t h a t  w a s  an e s s e n t i a l  
cons ide ra t ion  i n  a p r a c t i c a l  nav iga t ion  system. Without p r e c i s e  p r e d i c t i o n  of t he  navi-  

ga t ion  g r i d ,  a s t a b l e  system could s t i l l  be c a l i b r a t e d .  

During t h e  remainder of t h e  t es t  program, t h e  b a s e l i n e  ex tens ion  monitors  w e r e  i n -  

s t a l l e d  and t ime-di f fe rence  measurements were made p r imar i ly  a t  Los Banos, C a l i f o r n i a ,  
and Reno, Nevada. The r e s u l t s  ob ta ined  a t  Los Banos w e r e  of i n t e r e s t  because t h e  com- 
b i n a t i o n  of a weak s l a v e  s i g n a l  and local i n t e r f e r e n c e  prevented  proper  groundwave 
synchroniza t ion .  The phase sampling g a t e s  were p ick ing  up some skywave s i g n a l .  Since 
t h e  skywave i s  v a r i a b l e ,  t h e  s t anda rd  d e v i a t i o n  of t he  phase readings  dur ing  t h e  day 
was about  4 t i m e s  g r e a t e r  than normal and nea r ly  15  t i m e s  g r e a t e r  a t  n i g h t .  The skywave 
contaminat ion of the phase measurements had t h e  f u r t h e r  degrading e f f e c t  of caus ing  
s e r i o u s  cyc le  ambiguity. It w a s  n o t  p o s s i b l e  t o  analyze &e contaminat ion e f f e c t s  on 

.the t w o  f r equenc ie s  s e p a r a t e l y ,  b u t  it w a s  obvious t h a t  complete groundwave and skywave 
s e p a r a t i o n  w a s  mandatory. 

A f u r t h e r  r a m i f i c a t i o n  of us ing  two pu l se  f r equenc ie s  i s  t h a t  any d i f f e r e n c e  i n  
d i s p e r s i o n  of t h e  groundwave s i g n a l s  would a l s o  tend t o  cause cycle ambigui ty .  The 
problem has never  been eva lua ted  q u a n t i t a t i v e l y  i n  a r igo rous  way because t h e  two- 
frequency system w a s  abandoned i n  f avor  of a s i n g l e  frequency pu l se .  The f i e l d  mea- 
surements seemed t o  i n d i c a t e  t h a t  s i g n i f i c a n t  d i f f e r e n t i a l  d i s p e r s i o n  might be p r e s e n t ,  
b u t  equipment t r o u b l e s  and adjustment  e r r o r s  were such t h a t  any a c t u a l  e f f e c t s  were 
probably overshadowed. 

The monitor ing a t  Reno was s t a r t e d  i n  February 1951, bu t  t h e  e n t i r e  system by t h a t  
t i m e  w a s  so u rgen t ly  i n  need of maintenance work it w a s  s c a r c e l y  f e a s i b l e  t o  cont inue  
t r y i n g  t o  g a t h e r  d a t a  wi thout  making t h e  necessary  r e p a i r s .  

So few hours  of good d a t a  had been obta ined  t h a t  a thorough system overhaul  w a s  
deemed adv i sab le  i n  o rde r  t o  have g r e a t e r  confidence i n  the  t e s t  r e s u l t s .  Accordingly,  
a subcon t rac t  w i th  t h e  f i rm  of Jansky and Bai ley  was nego t i a t ed  f o r  t he  necessary  

maintenance work and f o r  ope ra t ion  of t h e  exper imenta l  system t o  ob ta in  1 0 0  hours  of  
u s e f u l  d a t a .  I t  w a s  agreed by a l l  concerned t h a t  t he  a d d i t i o n a l  d a t a  should be taken  a t  

Reno, bo th  f o r  economy and t o  provide  a s  much informat ion  as  p o s s i b l e  on t h e  long-term 
s t a b i l i t y  of t h e  groundwave phase-d i f fe rence  readings .  

The Jansky and B a i l e y  subcon t rac t  w a s  accomplished wi thout  any s e r i o u s  problems. 
The a d d i t i o n a l  d a t a  a c t u a l l y  d i d  no t  r e v e a l  anyth ing  new, bu t  a f u r t h e r  demonstrat ion 
of t he  s t a b i l i t y  of t he  groundwave phase w a s  most va luab le .  

The good r e s u l t s  t h a t  had been obta ined  were most encouraging.  The t r o u b l e s  per-  
t a i n e d  l a r g e l y  t o  t h e  equipment i t s e l f  wi th  l i t t l e  o r  no r e f l e c t i o n  on t h e  p r i n c i p l e s  
of t h e  system except  f o r  the obvious f a c t  t h a t  g r e a t e r  s i m p l i c i t y  would be h igh ly  
d e s i r a b l e .  
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Before t h e  end of t h e  tests,  t h e  frequency band of  9 0  t o  1 1 0  kHz had been f i r m l y  
e s t a b l i s h e d  by i n t e r n a t i o n a l  agreement f o r  exper imenta l  nav iga t ion  use  (see sec. 6 f o r  
f u r t h e r  i n fo rma t ion ) .  The use  of 1 6 0  and 180 kHz, i n  f a c t ,  t h e  e n t i r e  spectrum from 
1 5 0  t o  1 9 0  kHz, became i n c r e a s i n g l y  d i f f i c u l t  t o  j u s t i f y  even f o r  t h e  most compel l ing 
reasons .  The phase s t a b i l i t y  of t h e  LF groundwave provided t h e  i n c e n t i v e  t o  develop 
a h igh  accuracy ,  long-range sys t em,  b u t  t h e  need t o  conserve spectrum and t o  move t o  a 
lower f requency e f f e c t i v e l y  te rmina ted  t h e  development of Cyclan as a system. 

M i l i t a r y  system requi rements ,  meanwhile, became more c l e a r l y  de f ined  and confidence 
grew t h a t  a much s imple r ,  s ing le- f requency  system o p e r a t i n g  a t  1 0 0  kHz could be devised .  
As a l o g i c a l  consequencg of t h e  knowledge gained from Cyclan,  t h e  development of a 
s imple r  system t h a t  would m e e t  requirements  and be more compatible  wi th  o t h e r  systems 
was proposed and undertaken by Sper ry .  The new development was given t h e  code name 
" Cy t a c  " . 
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4 .  CYTAC DEVELOPMENT AND PRELIMINARY TESTS 

Cytac was t o  be an a l l -wea the r ,  long-range,  ground-based, t a c t i c a l  bombing system. 

The development was sponsored by t h e  Rome A i r  Development Center  (RADC) .  The Sperry 
Gyroscope Company w a s  t h e  prime c o n t r a c t o r ,  wi th  NBS provid ing  advisory  informat ion  on 

p e r t i n e n t  a s p e c t s  of low-frequency propagat ion .  

Development of Cytac was started i n  1 9 5 2 ,  b u t ,  be fo re  proceeding wi th  t h e  tech-  
n i c a l  d e s c r i p t i o n ,  t h e  unexpected t u r n  of  even t s  t h a t  occur red  i n  1954 w i l l  be  mentioned 
b r i e f l y .  During t h e  q u i t e  s u c c e s s f u l  f i e l d  t e s t i n g  of t h e  system, t h e  development pro- 

gram was cance l l ed  by t h e  A i r  Force.  I t  i s  emphasized t h a t  t h e  c a n c e l l a t i o n  i n  no way 
r e l a t e d  t o  t h e  performance of t h e  system b u t  was based on a p lanning  d e c i s i o n  n o t  t o  
pursue f u r t h e r  development of land-based bombing systems.  O f f i c i a l l y ,  t h e  A i r  Force had 
no i n t e r e s t  i n  developing t h e  nav iga t ion  p o r t i o n  of t h e  system a s  an end i n  i t s e l f ,  and 
it w a s  f o r t u n a t e  t h a t  t h e  f i e l d  t es t s  were allowed t o  cont inue  t o  t h e  e x t e n t  p o s s i b l e  
wi th  t h e  funds t h a t  had been committed. 

Returning t o  t h e  ch rono log ica l  sequence (19521, Cytac was cons idered  a s  a weapon 
system t h a t  would u l t i m a t e l y  have t h e  c a p a b i l i t y  t o  au tomat i ca l ly  bomb a number of pre-  
s e l e c t e d  t a r g e t s .  To accomplish t h i s  o b j e c t i v e ,  a spec ia l -purpose  d i g i t a l  computer w a s  
t o  be used t o  guide t h e  a i r c r a f t  t o  t h e  bomb-release p o i n t s  u s ing  n a v i g a t i o n a l  informa- 

t i o n  from t h e  Cytac r e c e i v e r  and o t h e r  i n p u t s  from va r ious  a i r c r a f t  ins t ruments  a l l  i n  
combination wi th  preprogrammed t a r g e t  and b a l l i s t i c  d a t a .  A t  t h e  t i m e  such a system 
was a r a t h e r  ambit ious under tak ing .  

Devis ing f u l l y  r e l i a b l e  in s t rumen ta t ion  w a s  a major cha l lenge  i n  i t s e l f ,  b u t  t h e  
r a d i o  cons ide ra t ions  posed a s t i l l  g r e a t e r  cha l l enge .  A t  l e a s t  t h e r e  w e r e  many unknowns 
i n  t h e  r a d i o  a r e a .  The phase s t a b i l i t y  of t he  groundwave obse rva t ions  du r ing  t h e  Cyclan 
tests, more than anyth ing  e lse ,  i n s p i r e d  confidence t h a t  range and accuracy could be 

achieved.  The g o a l  was 1 0 0 0  f t  a t  1000  miles. But, however s t a b l e  t h e  groundwave phase 
might be ,  t h e r e  w e r e  many o t h e r  problems t o  be so lved .  

The two-frequency scheme used i n  Cyclan w a s  n o t  on ly  complex and cumbersome , b u t  t h e  
nominal 40-kHz bandwidth w a s  d i f f i c u l t  t o  j u s t i f y  even f o r  m i l i t a r y  purposes .  A s i n g l e -  
f requency system was a matter of p r a c t i c a l  n e c e s s i t y .  Furthermore,  through i n t e r n a -  
t i o n a l  agreement (see sec. 6), t h e  90-110 kHz band w a s  a l l o c a t e d  f o r  exper imenta l  
nav iga t ion  use.  

The f a c t  t h a t  any f u r t h e r  system development would have t o  be l o c a t e d  i n  t h e  
v i c i n i t y  of 1 0 0  kHz w a s  viewed wi th  mixed r e a c t i o n s .  An e f f i c i e n t  an tenna  f o r  r a d i a t i n g  
a broadband p u l s e  would be an economic problem, b u t  a t  t h e  same t i m e ,  t h e  lower ground- 
wave a t t e n u a t i o n  rate w a s  q u i t e  a t t r a c t i v e .  But perhaps the  most compel l ing cons idera-  
t i o n  w a s  t h a t  t h e  longer  pe r iod  of t h e  lower carrier frequency would make cyc le  
i d e n t i f i c a t i o n  easier. The au tho r  had proposed a cyc le  i d e n t i f i c a t i o n  technique  i n  
1949 and had another  technique  t h a t  a l s o  appeared t o  be sound. With confidence t h a t  
obvious t e c h n i c a l  problems could  be so lved ,  t h e  development w a s  undertaken wi th  t h e  
b a s i c  unders tanding  t h a t  c e r t a i n  c r u c i a l  system f u n c t i o n s  should be proved by demon- 
s t r a t i o n  b e f o r e  funding  t h e  e n t i r e  system development. 
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F i g u r e  4 . 1 .  S p e r r y  t e c h n i q u e  f o r  m a r k i n g  a 

p o i n t  on t h e  Loran-C p u l s e .  

The success  o r  f a i l u r e  of  t h e  proposed system hinged l a r g e l y  on whether  o r  n o t  
cyc le  ambigui ty  could  be r e so lved  u s i n g  a s i n g l e  f requency and wi thout  exceeding t h e  
a v a i l a b l e  spectrum. Regardless  of t h e  rest  of t h e  in s t rumen ta t ion ,  w i thou t  t h e  navi-  
g a t i o n  f u n c t i o n ,  t h e r e  would be  no system t o  t e s t .  

The cyc le  i d e n t i f i c a t i o n  scheme proposed and developed by Sper ry  c o n s i s t e d  essen-  
t i a l l y  of marking a p o i n t  on t h e  l ead ing  edge of  t h e  p u l s e  envelope by s u b t r a c t i n g  t h e  
envelope waveform from i t s  d e r i v a t i v e  (see f i g .  4 . 1 ) .  The a x i s  c r o s s i n g  of t h e  r e s u l t a n t  
waveform provided a p o i n t  t h a t  w a s  independent  of  envelope ampli tude.  By sampling t h e  
r e s u l t a n t  waveform w i t h  a narrow g a t e  i n  t h e  v i c i n i t y  of t h e  a x i s  c r o s s i n g ,  an e r r o r  
v o l t a g e  could be de r ived  t o  provide  se rvo-con t ro l  of t h e  p o s i t i o n  of t h e  sampling g a t e .  
By performing t h e  same o p e r a t i o n  on both  master  and s l a v e  p u l s e s ,  t h e  envelope t i m e  
d i f f e r e n c e  w a s  simply t h e  t i m e  i n t e r v a l  between t h e  sampling g a t e s .  

The r e l a t i v e  phase between two r f  s i g n a l s  w a s  measured by sampling t h e  ou tpu t  of 
a phase d e t e c t o r  w i th  s i m i l a r  g a t e s  whose p o s i t i o n  w a s  c o n t r o l l e d  by t h e  envelope samp- 
l i n g  g a t e s .  The e r r o r  v o l t a g e  de r ived  from t h e  mas ter  phase samples w a s  used t o  s h i f t  
t h e  phase of t h e  r e fe rence  vo l t age  t o  main ta in  a quadra ture-phase  r e l a t i o n s h i p  w i t h  t h e  
incoming s i g n a l s  and thus  e s t a b l i s h  phase- lock.  The e r r o r  vo l t age  from t h e  s l a v e  phase 
samples w a s  used t o  ope ra t e  a second phase s h i f t e r  t o  i n d i c a t e  r e l a t i v e  phase.  

I t  i s  t o  be noted  i n  t h i s  scheme, t h a t  t h e  a x i s  c r o s s i n g  t h e  envelope minus i t s  
d e r i v a t i v e  can be p l aced  anywhere a long  t h e  l ead ing  edge of t h e  p u l s e  by a p p r o p r i a t e  
choice  of c i r c u i t  cons t an t s .  Two p r i n c i p a l  and opposing c o n s i d e r a t i o n s  n o t  on ly  d e t e r -  
mine t h e  optimum l o c a t i o n  of t h e  a x i s  c r o s s i n g ,  b u t  t h e  maximum p r a c t i c a l  p u l s e - r i s e  t i m e  
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also.  The sampling p o i n t  must be p laced  e a r l y  enough t o  avoid t h e  f i r s t  skywave r e f l e c -  
t i o n  and a l s o  a t  a p o i n t  where t h e  groundwave ampli tude i s  a s  g r e a t  a s  p o s s i b l e  t o  make 
e f f e c t i v e  use of t h e  t r a n s m i t t e d  power, Consequent ly ,  t h e  p u l s e - r i s e  t i m e  and t h e  band- 

width a r e  loose ly  de f ined  because power and bandwidth can be t r aded  t o  some e x t e n t .  I n  
p r a c t i c e ,  however, t he  oppor tuni ty  t o  t r a d e  i s  l i m i t e d  by t h e  lack  of a v a i l a b l e  spectrum 
i n  one d i r e c t i o n  and by excess ive  waste of power i n  t h e  o t h e r .  

The ca r r i e r -phase  and pulse-envelope measurements w e r e  designed t o  be e n t i r e l y  in -  
dependent excep t  they  were made a t  t h e  same p o i n t  on t h e  pu l se .  To avoid  cyc le  ambigui ty ,  
t h e  enve lop t  t ime-di f fe rence  measurement must have an accuracy of 1/2 r f  cyc le  o r  
b e t t e r .  There was l i t t l e  doubt t h a t  such a f i g u r e  could be m e t  from an in s t rumen ta t ion  
s t andpo in t  b u t  it was somewhat unce r t a in  how much the  carrier cyc le s  would s h i f t  r e l a t i v e  
t o  t h e  pu l se  envelope a s  t h e  s i g n a l  was propagated.  This  l a t t e r  p o i n t  was one of t he  
major ques t ions  t o  be r e so lved  be fo re  proceeding wi th  f u l l - s c a l e  development of t h e  
system. 

The a u t h o r ' s  approach t o  t h e  cyc le - r e so lu t ion  problem ( f r e q u e n t l y  c a l l e d  t h e  "NBS 

pu l se" )  was much s imple r  t o  i n s t r u m e n t ,  b u t  it was in tended  p r i m a r i l y  f o r  o s c i l l o s c o p e  
p r e s e n t a t i o n  r a t h e r  than au tomat ic  c i r c u i t  func t ions .  I t  used ampli tude modulation and 
a modified pu l se  r e p e t i t i o n  pe r iod  t o  produce a p a t t e r n  as shown i n  f i g u r e  4 . 2  when the  
s i g n a l s  w e r e  viewed on an o s c i l l o s c o p e .  I n s t e a d  of t h e  usua l  uniform r e p e t i t i o n  p e r i o d ,  
every  o t h e r  pe r iod  was shor tened  by e x a c t l y  one o r  t w o  whole cyc le s .  The long and s h o r t  
pe r iods  de f ined  p a i r s  of p u l s e s ,  and t h e i r  ampli tudes w e r e  ad jus t ed  s o  t h a t  two p o s i t i v e  

ha l f - cyc le  peaks a long  t h e  l ead ing  edge were superimposed. 

inn 
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F i g u r e  4 . 2 .  N B S  p u l s e  scheme 
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This  scheme was f i e l d - t e s t e d  i n  1952 f o r  t h e  purpose of o b t a i n i n g  s p e c i f i c  d a t a  a s  

soon as p o s s i b l e  t h a t ,  h o p e f u l l y ,  would show t h e  f e a s i b i l i t y  of cyc le  i d e n t i f i c a t i o n .  
A l o ran  t r a n s m i t t e r  i n s t a l l e d  a t  t h e  RADC exper imenta l  s i t e  nea r  F o r e s t p o r t ,  New York, 
had been modif ied for 100-kHz t r ansmiss ions .  The 1200-f t  base  i n s u l a t e d  an tenna ,  
o r i g i n a l l y  cons t ruc t ed  f o r  g e n e r a l  purpose use ,  provided good r a d i a t i o n  e f f i c i e n c y .  
The c i r c u i t  func t ions  needed t o  modifv t h e  r e p e t i t i o n  pe r iod  w e r e  s imply and e a s i l y  
"patched i n "  f o r  t h e  tes ts .  

The r e c e i v i n g  equipment c o n s i s t e d  e s s e n t i a l l y  of a l a b o r a t o r y - b u i l t  TRF wideband 
100-kHz a m p l i f i e r  and a Navy model DAS-4 l o ran  i n d i c a t o r .  The equipment was i n s t a l l e d  
i n  a t ra i le r  f o r  convenience and mob i l i t y .  

Observat ions were made a t  a number of s i tes w i t h i n  a r a d i u s  of approximately 
1 0 0  m i l e s  of t h e  t r a n s m i t t e r .  I n  a l l  cases the cyc le  i d e n t i f i c a t i o n  was e n t i r e l y  clear. 
There was no n o t i c e a b l e  change i n  p u l s e  shape nor  w a s  t h e r e  any tendency f o r  t h e  super -  
imposed cyc le  peaks t o  s e p a r a t e .  F igure  4 . 3  i s  t y p i c a l  of t h e  waveforms t h a t  were ob- 
served  on t h e  o s c i l l o s c o p e .  The moni tor ing  l o c a t i o n s  a r e  shown i n  f i g u r e  4 . 4 .  

The p r i n c i p a l  cri t icism t o  b e  made of the  tests is  t h a t  a d d i t i o n a l  obse rva t ions  
were n o t  made a t  much g r e a t e r  d i s t a n c e s .  S igna l - to-noise  r a t i o s  would have pe rmi t t ed  
going t o  d i s t a n c e s  of 500 t o  600 m i l e s  o r  more. Neve r the l e s s ,  it was conc lus ive ly  
demonstrated t h a t  t h e  concept  of v i s u a l  cyc le  i d e n t i f i c a t i o n  w a s  v a l i d  t o  a d i s t a n c e  of 
a t  l e a s t  100  m i l e s  and it w a s  a n t i c i p a t e d  t h a t  t h e  same would probably be t r u e  a t  g r e a t e r  
d i s t a n c e s .  Those r e s u l t s  provided a t a n g i b l e  measure of assurance  t h a t  t h e  s i n g l e  fre- 
quency was sound. 

I t  w a s  proposed by t h e  Bureau of S tandards  t h a t  somewhat s h o r t e r  skywave de lays  
might be encountered a t  1 0 0  kHz than  a t  t h e  h ighe r  f r equenc ie s .  I n  view of t h e  f a c t  
t h a t  t h e  skywave de lay  w a s  known t o  be a c r i t i ca l  parameter ,  t h e  Bureau undertook t o  
measure the delay  a s  w e l l  a s  p o s s i b l e  wi th  a v a i l a b l e  equipment. 

F i g u r e  4 . 3 .  Scope  p h o t o g r a p h  of N B S  p u l s e .  
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Figure 4.4. NBS pulse-monitoring locations. 

Pul ses  having  a r ise t i m e  of about  60 us and a peak power of t h e  o r d e r  of 2 0 0  kW could  
have been t r a n s m i t t e d  from F o r e s t p o r t  b u t  a v a i l a b l e  r e c e i v i n g  equipment l i m i t e d  t h e  
da t a - t ak ing  t o  viewing t h e  s i g n a l s  on an o s c i l l o s c o p e .  By v i r t u e  of t h e  f a i r l y  h igh  
r a d i a t e d  power, t h e  beginning  of t h e  p u l s e  could  be  observed wi th  r easonab le  c e r t a i n t y  
t o  d i s t a n c e s  of 400 t o  500 m i l e s .  I t  w a s  w e l l  known t h a t  t h e  e x a c t  beqinning  of t h e  
skywave p a r t  of t h e  p u l s e  i s  g e n e r a l l y  n o t  obvious on an o s c i l l o s c o p e  e s p e c i a l l y  i n  day- 
t i m e .  The skywave and groundwave components of t h e  p u l s e  b lend  smoothly u n t i l  t h e  sky- 
wave p a r t  reaches  s u f f i c i e n t  amplitude t o  produce n o t i c e a b l e  d i s t o r t i o n  i n  t h e  r e s u l t a n t  
pu l se .  

To overcome t h i s  d i f f i c u l t y ,  t h e  l e a d i n g  edge of t h e  p u l s e  w a s  c a r e f u l l y  t r a c e d  on 
a p i e c e  of t r a n s p a r e n t  paper  over  t h e  f a c e  of t h e  o s c i l l o s c o p e .  Trac ings  w e r e  made a t  
i n t e r v a l s  of  several minutes t o  f i n d  slow changes i n  t h e  ionosphere .  Typica l  r e s u l t s  
are shown i n  f i g u r e  4 . 5 .  

Observa t ions  were made i n  Michigan and no r the rn  Ohio. I n  s p i t e  of t h e  r e l a t i v e l y  
crude measurement t echn iques ,  t h e  d a t a  were s u r p r i s i n g l y  c o n s i s t e n t  and i n d i c a t e d  a 
daytime v i r t u a l  r e f l e c t i o n  h e i g h t  i n  t h e  v i c i n i t y  of 70 km and about  85 km a t  n i g h t .  
The 70-km f i g u r e  was lower than  m o s t  people e x p e c t e d ,  but it was f o r t u n a t e  t h a t  t h e  
pu l se - r i s e - t ime  requi rements  w e r e  recognized  a t  an e a r l y  d a t e  i n  t h e  system develop- 
ment. On t h e  b a s i s  of a 70-km v i r t u a l  h e i g h t ,  it w a s  o r i g i n a l l y  e s t ima ted  t h a t  t h e  
f i r s t - h o p  skywave de lay  a t  1000  t o  1200 miles would be only  25 t o  30 US depending on 

t h e  conduc t iv i ty  of t h e  pa th .  More r e f i n e d  c a l c u l a t i o n s  on d i g i t a l  computers have 
l a t e r  shown 35 t o  40 Usec are t h e  t r u e  de l ays .  

The Rome A i r  Development Center  engaged t h e  s e r v i c e s  of SRI (S tan fo rd  Research. 

I n s t i t u t e )  t o  s tudy  t h e  problem of r a d i a t i n g  a p u l s e  t h a t  would m e e t  system requi rements  
w i thou t  exceeding t h e  a v a i l a b l e  spectrum. The F o r e s t p o r t  t r a n s m i t t e r  w a s  used f o r  most 
of t h e  exper imenta l  t r ansmiss ions  f o r  propagat ion  measurements. 
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MICROSECONDS 

F i g u r e  4 .  5 .  P u l s e  e n v e l o p e  t r a c i n g s  

During t h e  summer of 1953, a pu l se  t h a t  reached f u l l  ampli tude i n  3 c y c l e s  (30 vs) 
was t r ansmi t t ed .  The spectrum of t h a t  pu l se  exceeded t h e  20 kHz-wide nav iga t ion  band by 
approximately 1 0  kHz , b u t  t h e  s h o r t  r ise t i m e  made it p o s s i b l e  t o  v e r i f y  t h e  ear l ier  sky- 
wave de lay  measurements. 

The f i r s t  major phase of t h e  Cytac development program w a s  t o  i n v e s t i g a t e  t h e  
fo l lowing  cri t ical  system c o n s i d e r a t i o n s  by test: (a) cyc le  ambigui ty ,  and (b )  ground- 
wave range and s t a b i l i t y .  

Minimum ins t rumen ta t ion  t o  make t h e s e  tests w a s  completed by Sperry i n  t h e  s p r i n g  
of 1953. The r e c e i v i n g  equipment, i nc lud ing  t h e  a d d i t i o n  of an atmospheric  n o i s e  r e c e i v e r ,  
was i n s t a l l e d  i n  a van f o r  f i e l d  t e s t i n g  du r ing  June ,  Ju ly ,  and August. S i t e s  w e r e  chosen 
along a gene ra l  east-west l i n e  from Michigan t o  Montana ( J o h l e r  e t  a l .  1954) .  

Sper ry  ope ra t ed  their equipment whi le  t h e  Bureau of S tandards  made supplementary 
measurements of f i e l d  s t r e n g t h ,  skywave de lay  and no i se .  SRI cont inued  t h e i r  work on 
antenna matching and p u l s e  shaping.  

For the  sake  of bo th  t i m e  and economy, t h e  F o r e s t p o r t  t r a n s m i t t e r  w a s  used t o  simu- 
late a p a i r  of t r a n s m i t t e r s .  This  r ep resen ted  a p a r t i a l  compromise i n  t h e  t e s t i n g  s i n c e  
only  one propagat ion  pa th  a t  a t i m e  could be used,, whi le  an a c t u a l  p a i r  of s e p a r a t e d  
t r a n s m i t t e r s  would obvious ly  involve  two d i f f e r e n t  propagat ion  pa ths  a t  t h e  same t i m e .  
I t  could be reasoned ,  however, t h a t  i f  no cyc le  ambiguity w a s  found over  a number of i n -  
d i v i d u a l  p a t h s ,  none should  be expec ted  t h a t  would be us ing  two pa ths  at  a t i m e .  

The f i e l d  tests produced f o u r  r e s u l t s  of major s i g n i f i c a n c e :  
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The much-feared problem of cyc le  ambiguity was n o t  encountered i n  any 
s e r i o u s  degree.  The envelope t ime-di f fe rence  readings  w e r e  q u i t e  s t a b l e ,  

and the  d i f f e r e n c e  between t h e  envelope and ca r r i e r -phase  readings  r a r e l y  
exceeded the  c r i t i ca l  va lue  of 5 p s  o r  one-half cyc le  of t h e  c a r r i e r  even 
a t  s igna l - to-a tmospher ic -noise  r a t i o s  of t h e  o r d e r  of -35 dB. The devia-  

t i o n  of t h e  envelope-to-cycle  r ead ing  which was no t  exceeded 90 p e r c e n t .  
of t h e  t i m e  a t  a l l  s i t es  i s  shown as a func t ion  of s igna l - to -no i se  r a t i o  
i n  f i g u r e  4 . 6 .  

The skywave time-delay measurements n o t  only confirmed t h e  de lay  e s t i m a t e s  
based on the  1952 obse rva t ions  bu t  showed t h a t  beyond t h e  l i m i t i n g  
geomet r i ca l -op t i ca l  d i s t a n c e  of about  1 2 0 0  m i l e s ,  t h e  de lay  ( f i r s t  hop) 
was e i t h e r  cons t an t  or nea r ly  so. The i n t e r p o l a t e d  va lue  of t h e  f i r s t - h o p  
skywaves r e l a t i v e  t o  groundwaves a t  d i s t a n c e s  beyond 1 2 0 0  m i l e s  w a s  d e t e r -  
mined t o  be 26 p s .  I t  was a l s o  found t h a t  t h e  f i r s t - h o p  skywave f i e l d  
s t r e n g t h  d i d  n o t  diminish r a p i d l y  beyond the  l i m i t i n g  o p t i c a l  d i s t a n c e  
as  had been expected.  I n  f i g u r e  4 . 7 ,  t h e  measured f i e l d  s t r e n g t h s  are 
compared wi th  t h e  va lues  expected on t h e  b a s i s  of geomet r i ca l -op t i ca l  
theory .  The measured groundwave va lues  are p l o t t e d  a l s o  bu t  a r e  no t  
compared wi th  computed va lues  because t h e  conduc t iv i ty  w a s  n o t  known 
a c c u r a t e l y  enough f o r  such a comparison t o  be meaningful. The geometry 
of each of t h e  skywave pa ths  i s  shown i n  f i g u r e  4.8. 

The range of 1800 m i l e s  a t  which t h e  groundwave was rece ived  and t h e  

adverse s igna l - to -no i se  r a t i o s  wi th  which the  coherent  d e t e c t i o n  tech-  
niques could cope f o r  r e s o l v i n g  cyc le  ambiguity c l e a r l y  e s t a b l i s h e d  L 

t h a t  a 1 0 0 0 - m i l e  system could have a very high degree  of r e l i a b i l i t y .  
A r a d i a t e d  peak-pulse power of approximately 220 kW and only  a s i n g l e  
pu l se  pe r  r e p e t i t i o n  pe r iod  (convent iona l  l o ran  p r a c t i c e )  were used 

F i g u r e  4 . 6 .  C y t a c  enveZope d e v i a t i o n s  o r d i n a t e  
v a l u e  n o t  e x c e e d e d  9 0  p e r c e n t  o f  t i m e .  
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DISTANCE FROM TRANSMITTER IN MILES 

F i g u r e  4 .  7 .  Cy t a c  ground-  and s kywave m e a s u r e m e n t s .  

CARLTON 858 

WTTLE LAKE 1000 

ING - - - - - - - -_-_- GEOMETRICAL-OPTICAL RAY - - _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _  1192 (NO ATMOSPHERIC REFRACTION) 
JAMESTOWN 1270 

MANDAN 1370 

DICKINSON 1480 

MILES CITY 1660 

BILLINGS 1780 MILES 

DISTANCE FROM TRANSMITTER TO RECEIVER IN MILES 

F i g u r e  4 . 8 .  G e o m e t r i c  r e p r e s e n t a t i o n  of skywave  p a t h s .  
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i n  t h e  1953 tes ts .  If r e q u i r e d ,  t h e  peak power could  be subs t an t i a l ly  
i n c r e a s e d  and t h e  average power could  be  inc reased  by us ing  a group of 
c l o s e l y  spaced p u l s e s  i n s t e a d  of a s i n g l e  pu l se  each r e p e t i t i o n  p e r i o d .  

4 .  By an ingenious  scheme of synchronous swi t ch ing ,  t h e  zero  d r i f t  i n  t h e  

s e r v o s ,  which had plagued Cyclan, w a s  completely e l imina ted .  Improvements 
i n  component q u a l i t y  and s i m p l i f i c a t i o n s  r e s u l t i n g  from t h e  use  of  a 

s i n g l e  frequency a l l  combined t o  make t h e  exper imenta l  equipment reasonably  
re l iable  i n  i t s  ope ra t ion .  A t  b e s t ,  Cytac would s t i l l  be a complex system 
b u t  hope f o r  u l t i m a t e l y  ach iev ing  adequate r e l i a b i l i t y  became more rea l i s t ic .  

The completion of  t h e  p re l imina ry  f i e l d  tests wi th  c l e a r l y  s a t i s f a c t o r y  r e s u l t s  i n  
r ega rd  t o  t h e  p o i n t s  about  which t h e r e  had been j u s t i f i a b l e  skep t i c i sm,  c l e a r e d  t h e  way 
t o  proceed wi th  t h e  development of t h e  complete system. A system f o r  m i l i t a r y  use ,  
however, would involve  problems t h a t  were taken i n t o  account i n  t h e  p re l imina ry  tes ts .  
Enemy jamming could  be assumed, and, u n f o r t u n a t e l y ,  t h e  s i g n a l  as used i n  t h e  tes ts  

could  be rendered  u s e l e s s  by a simple CW emission on t h e  same frequency. 

To cope wi th  t h e  jamming problem, t w o  e n t i r e l y  new concepts  i n  l o r a n  s i g n a l  format 
and s i g n a l  p rocess ing  w e r e  devised .  Mul t ip l e  p u l s i n g ,  as a l r eady  i n d i c a t e d ,  w a s  used 

t o  increase t h e  average power, b u t ,  more impor t an t ly ,  t h e  m u l t i p l e  pu l se s  made p o s s i b l e  
a scheme of phase coding t h a t  would re ject  synchronous jamming s i g n a l s .  A spac ing  of 
1 2 0 0  us between pu l ses  i n  a group of e i g h t  w a s  somewhat a r b i t r a r i l y  chosen t o  allow 
t i m e  enough f o r  t h e  skywave r e f l e c t i o n s  from a preceding  p u l s e  t o  arrive b e f o r e  t r a n s -  
m i t t i n g  t h e  n e x t  pu l se .  The phase of each p u l s e  w a s  s h i f t e d  i n  a f i x e d  sequence. The 
s h i f t s  were e x a c t  m u l t i p l e s  of 45'. The phase of t h e  r e f e r e n c e  s i g n a l  i n  t h e  r e c e i v e r  

w a s  s h i f t e d  i n  t h e  same sequence so an i n t e r f e r i n g  coherent  CW s i g n a l  would appear as 
n o i s e  i n  t h e  d e t e c t o r  ou tpu t  wh i l e  t h e  d e s i r e d  s i g n a l  would be r ece ived  normally.  

The phase - sh i f t  sequence o r  code was made d i f f e r e n t  f o r  t h e  master and s l a v e  s t a t i o n s  
t o  provide  a means of s i g n a l  i d e n t i f i c a t i o n  and t o  f a c i l i t a t e  au tomat ic  s ea rch .  The 
master s i g n a l  w a s  f u r t h e r  i d e n t i f i e d  by t r a n s m i t t i n g  an e x t r a  p u l s e  i n  each group. The 
n i n t h  p u l s e ,  however, w a s  n o t  i nc luded  i n  t h e  phase c o d i n g ,  b u t  it se rved  t h e  very 

p r a c t i c a l  purpose of qu ick  v i s u a l  s i g n a l  i d e n t i f i c a t i o n .  

The b a s i c  p r i n c i p l e s  of coherent  d e t e c t i o n  w i l l  n o t  be e l a b o r a t e d  h e r e ,  b u t  some 
s p e c i a l  comments may be  i n  o r d e r  r ega rd ing  a tmospher ic  n o i s e ,  t h e  wideband c i r c u i t s ,  
and t h e  pulse-sampling techniques .  A t  low f r equenc ie s  i n  a band 2 0  kHz wide, atmos- 
p h e r i c  no i se  t ends  t o  have t h e  c h a r a c t e r i s t i c s  of s p i k e s  o r  impulses r a t h e r  than  wh i t e  
no i se .  This  i s  e s p e c i a l l y  t r u e  when t h e r e  are thunderstorms w i t h i n  a range of s e v e r a l  
hundred miles. The impulses are,  of cour se ,  t h e  r a d i a t e d  energy from i n d i v i d u a l  l i g h t -  
n ing  s t r o k e s .  The impulses ,  o r  simply s f e r i c s ,  range i n  d u r a t i o n  from s e v e r a l  micro- 
seconds upwards b u t  few exceed a mi l l i s econd .  When a s f e r i c  and a Loran-C p u l s e  a r r i v e  

s imul t aneous ly ,  t h e  receiver i s  f r e q u e n t l y  s a t u r a t e d  and t h a t  p a r t i c u l a r  p u l s e  i s  
o b l i t e r a t e d .  The ou tpu t  of t h e  sampling g a t e  i s  a t  maximum l e v e l  wi th  equa l  p r o b a b i l i t y  
of be ing  e i t h e r  p o s i t i v e  o r  nega t ive .  When averaged, t h e  p o s i t i v e  and n e g a t i v e  samples 

soon average t o  zero. 
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Under such r e c e i v i n g  c o n d i t i o n s ,  t h e  l o s s  of even a l a r g e  percentage  of t h e  l o r a n  

pu l ses  has  s u r p r i s i n g l y  s m a l l  e f f e c t  on t h e  accuracy of t h e  phase and envelope measure- 
ments. 

As long a s  some of t h e  pu l ses  a r r i v e  "between t h e  sferics" and compete only  wi th  
t h e  r e l a t i v e l y  q u i e t  background n o i s e ,  q u i t e  s a t i s f a c t o r y  measurements can be made. 
Con t ra s t ing  t h e  s f e r i c s  wi th  t h e  r e l a t i v e l y  q u i e t  background i s  a c c u r a t e  enough f o r  
d e s c r i b i n g  t h e  c h a r a c t e r i s t i c s  of no i se  t h a t  is  t y p i c a l l y  r ece ived ,  b u t  t h e  background 
i s ,  i n  r e a l i t y ,  d i s t a n t  sferics f r o m  v i r t u a l l y  a l l  p a r t s  of t h e  world where t h e r e  are 
thunderstorms.  The t o t a l  number of l i g h t n i n g  f l a s h e s  t a k i n g  p l a c e  is  so g r e a t  t h a t  
t h e  very d i s t a n t  s f e r i c s  ove r l ap  and resemble whi te  no i se .  The c h a r a c t e r i s t i c s  of 
r ece ived  atmospheric  n o i s e  vary widely from time t o  t i m e  and p l ace  t o  p l a c e .  The 
high-ampli tude n o i s e  b u r s t s  which make up most of t he  t o t a l  a tmospheric  n o i s e  power 
cause  f a r  less i n t e r f e r e n c e  t o  t h e  system than  t h e  same n o i s e  power i n  t h e  form of whi te  
no i se .  

There is no adopted measure of a tmospheric  no i se  t h a t  adequate ly  d e f i n e s  i t s  i n t e r -  
f e rence  va lue  t o  a low-frequency pu l se  system. For t h a t  reason ,  d a t a  d e s c r i b i n g  system 
performance i n  terms of s igna l - to-average  or r m s  n o i s e - r a t i o  are no t  e n t i r e l y  c o n s i s t e n t .  
Seve ra l  yea r s  after t h e  o r i g i n a l  development, it w a s  shown by NBS (unrepor ted  formal ly)  
that  no i se - l imi t ed  s i g n a l  samples could e a s i l y  be e l imina ted  from t h e  i n p u t  t o  t h e  
pos t -de t ec t ion  f i l t e r .  By accep t ing  only  "good" samples ,  an apprec i ab le  improvement i n  
t h e  s t a b i l i t y  of t he  phase and envelope readings  can be achieved.  There i s  e v i d e n t l y  
no s imple  way t o  d e s c r i b e  t h e  i n t e r f e r e n c e  va lue  of a tmospheric  no i se .  
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5. CYTAC FIELD TESTS 

5.1. General  Desc r ip t ion  of T e s t  Program 

The p re l imina ry  tests i n  1953 l e f t  l i t t l e  doubt t h a t  t h e  system w a s  sound i n  

p r i n c i p l e  b u t  whether  or no t  it would a c t u a l l y  y i e l d  the  nominal 1000-f t  accuracy a t  
1 0 0 0  miles had t o  be demonstrated.  

A t e s t  program w a s  planned t h a t ,  it was hoped, would provide  conclus ive  answers on 
t h e  f e a s i b i l i t y  of the system f o r  bombing purposes .  The p r i n c i p a l  p a r t i c i p a n t s  i n  t h e  
program were t h e  A i r  Force ,  N B S ,  Sperry  Gyroscope Co., and t h e  S tanford  Research I n s t i -  
t u t e  ( S R I )  . The A i r  Force provided o v e r a l l  guidance i n  p lanning .  The primary r o l e  of 
NBS was i n  t h e  a r e a  of r a d i o  propagat ion  and d a t a  a n a l y s i s  ( L i n f i e l d  e t  al .  1957), while 
S R I  w a s  r e spons ib l e  f o r  e v a l u a t i n g  t h e  s u s c e p t i b i l i t y  of t h e  system t o  jamming. Sper ry  
w a s  r e spons ib l e  f o r  c a r r y i n g  o u t  t h e  t e s t  program. 

The a i rbo rne  p o r t i o n  of Cytac cons i s t ed  of two major components -- t h e  nav iga t ion  
system and t h e  bombing computer. While t h e  test  program envis ioned  t e s t i n g  t h e  e n t i r e  
system u l t i m a t e l y ,  t h e  immediate o b j e c t i v e s  w e r e  confined almost  e x c l u s i v e l y  t o  t e s t i n g  
t h e  nav iga t ion  system. The computer involved in s t rumen ta t ion  on ly ,  bu t  i n  c o n t r a s t ,  
t h e  nav iga t ion  system depended on s e v e r a l  a spec t s  of propagat ion  t h a t  w e r e  no t  completely 
understood and,  under any c i rcumstances ,  would l i m i t  system performance. 

Knowledge of groundwave phase c o r r e c t i o n s  w a s  somewhat l i m i t e d  a t  t h a t  t i m e ,  b u t  t h e  
Cyclan tests showed t h a t  propagat ion  over  d i f f e r e n t  t ypes  of t e r r a i n  could r e s u l t  i n  
s e r i o u s  f i x  e r r o r s  un le s s  a l l  f a c t o r s  w e r e  taken p rope r ly  i n t o  account .  

I n  those  tests,  no d i u r n a l  or o t h e r  t i m e  v a r i a t i o n s  of t h e  groundwave phase were 
found b u t ,  on t h e  o t h e r  hand,  t h e r e  w e r e  no long-term measurements t o  e s t a b l i s h  t h e  p o i n t  
conc lus ive ly .  Also, t h e  Cytac system involved  propagat ion  pa ths  twice as long a s  those  
i n  the  Cyclan tests.  The p re l imina ry  Cytac tes ts  used a s i n g l e  t r a n s m i t t e r ,  and even 
though t h e  pa ths  were long ,  t h e  s t a b i l i t y  of t h e  groundwave s t i l l  had n o t  been proved 

t o  t h e  s a t i s f a c t i o n  of a l l .  

Another p o s s i b l e  p i t f a l l  w a s  t h e  p o s s i b i l i t y  of cyc le  ambiguity a t  the  g r e a t e r  d i s -  
t ances .  Cycle i d e n t i f i c a t i o n  a t  ranges up t o  about  1 0 0  m i l e s  had been demonstrated by 
NBS i n  1952  and the  technique  f o r  marking a p o i n t  on t h e  p u l s e  envelope (developed by 
Sper ry)  by s u b t r a c t i n g  the  d e r i v a t i v e  of the  envelope from the  u n d i f f e r e n t i a t e d  envel -  
opes w a s  used i n  t h e  p re l imina ry  tes ts  i n  1953. While t h e r e  d i d  no t  appear  t o  be any 
s e r i o u s  s h i f t  of t h e  cyc le s  r e l a t i v e  t o  t h e  envelope ,  t h e  tes ts  were no t  a b s o l u t e l y  con- 
c l u s i v e  on t h i s  p o i n t .  A t  t h a t  t i m e ,  t h e  d i s p e r s i o n  o r  change i n  shape of t h e  p u l s e  as 

a func t ion  of d i s t a n c e  and conduc t iv i ty  had n o t  been eva lua ted  , b u t  it w a s  r e a l i z e d  t h a t  
t h e  upper and lower s idebands ex tending  t o  approximately 1 1 0  and 90 kHz would be a t t e n -  
uated d i f f e r e n t l y .  Some change i n  pu l se  shape was expec ted .  

The l i m i t e d  measurements w e r e  ample t o  warran t  confidence t h a t  t h e r e  would n o t  be 
a cyc le  ambiguity problem a t  s h o r t  range and perhaps n o t  a t  long range.  But t h e  long- 

range measurements i n  1953 used a common pa th  f o r  t he  s imula ted  master and s l a v e  s i g n a l s .  
D i f f e r e n t  pa ths  might i n t roduce  t r o u b l e .  I n  any e v e n t ,  it w a s  reasoned t h a t  even i f  
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t h e r e  should be cons ide rab le  s h e f t  of  t h e  cyc le s  r e l a t i v e  t o  t h e  envelope ,  t h e  s h i f t  

would be somewhat similar i n  both  mas ter  and s l a v e  s i g n a l s  and t h a t  would t end  t o  mini- 
m i z e  t h e  problem. 

The s t a b i l i t y  of t h e  groundwave phase t h a t  had been observed i n  t h e  Cyclan tes ts  
c r e a t e d  a g r e a t  d e a l  of optimism about  t h e  performance t h a t  could be expec ted  from 
Cytac, b u t  no th ing  s h o r t  of a f u l l - s c a l e  t e s t  of the system could provide  d i r e c t  answers 
t o  t h e  many c r u c i a l  q u e s t i o n s .  

T ransmi t t e r s  were i n s t a l l e d  a t  Caro l ina  Beach, North Caro l ina ,  Ca rabe l l e  , F l o r i d a ,  
and F o r e s t p o r t ,  New York. V e r t i c a l  top- loaded an tennas  w e r e  used. The F o r e s t p o r t  s t a -  
t i o n  was i n s t a l l e d  a t  the  A i r  Force exper imenta l  t r a n s m i t t e r  s i t e  where a 1200-f t  base-  
i n s u l a t e d  an tenna  was a v a i l a b l e .  The o t h e r  two s t a t i o n s  used 650-f t  base - insu la t ed  
s e l f - s u p p o r t i n g  towers .  

Despi te  t h e  d i f f e r e n c e  i n  an tenna  h e i g h t s ,  t h e  pu l ses  were very s i m i l a r  i n  shape.  
A l l  t h e  t r a n s m i t t e r s  were a l i k e  , b u t  t h e  g r e a t e r  e f f i c i e n c y  of the t a l l e r  antenna pro-  
vided a r a d i a t e d  s i g n a l  of 2 2 0  kW (peak-pulse  power) whi le  only 50 t o  60 kW could be 
r a d i a t e d  from t h e  o t h e r  antennas.  The s t a t i o n s  were ope ra t ed  a s  a t r i p l e t  wi th  Caro l ina  
Beach s e r v i n g  a s  t h e  master. 

A t o t a l  of seven r e c e i v e r s  were b u i l t  f o r  t h e  test  program. Five were in t ended  f o r  
ground moni tor ing  only  and w e r e  of s t anda rd  rack  and panel  cons t ruc t ion .  The o t h e r  two 
were packaged f o r  a i rbo rne  use.  

The t e s t  program w a s  scheduled f o r  1 yea r  t o  ob ta in  d a t a  on any seasona l  v a r i a t i o n s  
i n  t h e  propagat ion  t h a t  might be found and t o  a l low enough t i m e  t o  make t h e  many measure- 

ments necessary  wi th  t h e  l i m i t e d  number of r e c e i v e r s .  

To de termine  whether  o r  n o t  long-term v a r i a t i o n s  o r  t r e n d s  i n  the  t ime-d i f f e rence  
readings  would b e  found would r e q u i r e  measurements a t  one o r  more f i x e d  l o c a t i o n s  f o r  
t h e  d u r a t i o n  of t h e  program. It  w a s  f u r t h e r  reasoned t h a t  t h e  long-term measurements 
should inc lude  as wide a v a r i e t y  of propagat ion  pa ths  a s  p o s s i b l e .  It  w a s  agreed  t h a t  
t h r e e  of t h e  r e c e i v e r s  should  be used f o r  f i x e d - s t a t i o n  monitor ing.  

One r e c e i v e r  was loca ted  a t  a s i t e  about  50 m i l e s  w e s t  of t h e  master  t r a n s m i t t e r  
t o  provide  an approximate check on t h e  round- t r ip  t i m e  measurements made a t  t h e  master 
and t o  monitor  t h e  o v e r a l l  s t a b i l i t y  of t h e  system. Such a check w a s  cons idered  worth- 
whi le  because of t h e  i n h e r e n t  problems i n  making p r e c i s e  t ime-di f f  e r ence  measurements 
a t  a t r a n s m i t t e r .  A s i t e  i n  t h e  prime p a r t  of t h e  s e r v i c e  area nea r  South Webster ,  
Ohio, was s e l e c t e d  f o r  t h e  second r e c e i v e r  and the  t h i r d  was l o c a t e d  nea r  C la rksda le ,  
M i s s i s s i p p i ,  toward t h e  f r i n g e  of t h e  s e r v i c e  a r e a .  

The remaining t w o  ground-monitoring r e c e i v e r s  (GMR's) w e r e  i n s t a l l e d  i n  vans so 
shor t - te rm measurements could be made a t  a wide v a r i e t y  of l o c a t i o n s  and d i s t a n c e s .  

The s e l e c t i o n  of monitor ing s i t e s  t h a t  would s a t i s f y  t h e  requirements  f o r  t h e  t es t  
program was a t a s k  i n  i t s e l f .  Most of t h e  s i t e  s e l e c t i o n  w a s  done i n  advance s i n c e  it 
was obvious t h a t  an excess ive  amount of ope ra t ing  t i m e  would be l o s t  i f  s i tes had t o  be 
found dur ing  t h e  program. I t  w a s  a l s o  d e s i r a b l e  t o  select  the  s i tes  i n  advance so t h e  
t ime-d i f f e rence  computations could  be made be fo re  making measurements. 
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I t  w a s  assumed t h a t  an i d e a l  s i t e  should be on f l a t  homogeneous ground where t h e r e  
w e r e  no trees o r  o t h e r  o b s t r u c t i o n s .  I n  a d d i t i o n ,  p r e c i s e  geographic  coord ina te s  w e r e  
s p e c i f i c a l l y  r equ i r ed .  

I n  o rde r  t o  s a t i s f y  t h e  l a t t e r  requi rement ,  s i tes  w e r e  chosen a t  o r  nea r  f i r s t - o r d e r  

t r i a n g u l a t i o n  s t a t i o n s .  The o t h e r  requi rements ,  however, were more d i f f i c u l t  t o  s a t i s f y .  
P r a c t i c a l  r u l e s  of thumb had t o  be adopted r ega rd ing  trees,  overhead w i r e s  and t h e  l i k e .  
I n  t h e  Cyclan tes ts  it was found t h a t  s t and ing  waves induced i n  overhead w i r e s  g r e a t l y  
a f f e c t e d  t h e  e m  f i e l d  at  very s h o r t  d i s t a n c e s  bu t  t h e  e f f e c t  was q u i t e  l o c a l i z e d .  I t  

was assumed t h a t  i f  t h e r e  w e r e  no trees o r  w i r e s  w i th in  1 0 0  yards  of t h e  r e c e i v e r ,  t h e  
s i t e  would be s a t i s f a c t o r y .  

The 26  s i t e s  (see t a b l e  5 .1)  were s e l e c t e d  i n  advance and m o s t  of them are i d e n t i -  
f i e d  by t h e  name of t h e  t r i a n g u l a t i o n  s t a t i o n .  

During t h e  t e s t  program, ex tens ive  use was made of topographic  maps f o r  bo th  ground 
and a i rbo rne  measurements. I n  most ca ses ,  coo rd ina te s  could be s c a l e d  wi th  s a t i s f a c t o r y  
accuracy.  

Regular  ope ra t ion  of t h e  t r a n s m i t t e r s  s t a r t e d  i n  September, 1954, and w a s  cont inued  
through t h e  middle of October ,  1955. The ope ra t ing  schedule ,  however, w a s  n o t  on a 
24-hr b a s i s  b u t  enough measurements t o  s u f f i c e  were obta ined  a t  a l l  hours  of t h e  day. 
The system w a s  n o t  ope ra t ed  cont inuous ly  f o r  economic reasons .  From a t e c h n i c a l  
s t a n d p o i n t ,  t h e  i n t e r m i t t e n t  schedule  w a s  no t  f u l l y  s a t i s f a c t o r y  because of t h e  t i m e  re- 
qu i r ed  f o r  t he  t r a n s m i t t e r s  t o  w a r m  up and o therwise  se t t le  down t o  s t e a d y - s t a t e  
ope ra t ion  a f t e r  each o f f -pe r iod .  

Since t h e  phase-coding func t ion  of t h e  system was c l a s s i f i e d ,  t h e r e  was r e l u c t a n c e  
t o  t r a n s m i t  t h e  coded s i g n a l s .  I t  was assumed t h a t  t h e  coding would have no bea r ing  on 
t h e  t e s t  r e s u l t s  so the  d e c i s i o n  n o t  t o  r e v e a l  any more of t h e  system c h a r a c t e r i s t i c s  

than  necessary  du r ing  t h e  tests appeared e n t i r e l y  l o g i c a l .  Phase coding was designed 
t o  minimize t h e  e f f e c t s  of synchronous jamming b u t  no one r e a l i z e d  u n t i l  l a t e  i n  t h e  
program t h a t  mult iple-hop skywave r e f l e c t i o n s  w e r e ,  i n  f a c t ,  caus ing  a s i g n i f i c a n t  
amount of self-jamming. The 1 2 0 0 - ! ~ s  spac ing  between i n d i v i d u a l  pu l se s  i n  t h e  groups of 

T a b l e  5 . 1 .  C y t a c  T e s t - S i t e  Locations. 

1. 
2 .  
3 .  
4. 
5. 
6 .  
7.  
a .  
9 .  
1 0 .  
11. 
1 2 .  
13.  

Bedford, Pennsylvania  
Brownsvi l le  , Texas 
Canaday , Georgia 
Cat  P o i n t ,  F l o r i d a  
Ches t e r ,  Georgia 
Clementine,  Missouri  
Cumby, Texas 
Diamond , Kentucky 
E .  Mar t e l lo ,  F l o r i d a  
E v e n s v i l l e ,  Tennessee 
Forman , Arkansas 
Gavin, M i s s i s s i p p i  
Goose, Ind iana  

1 4 .  
15.  
1 6 .  
17. 
1 8 .  
1 9 .  
2 0 .  
21. 
2 2 .  
23. 
24. 
25. 
26 .  

I r v i n ,  Louis iana  
Max Pa tch ,  North Caro l ina  
Meserve, Maine 
P rospec t ,  Pennsylvania  
Punta  Rassa, F l o r i d a  
Rena Lara ,  M i s s i s s i p p i  
Rodgers, North Caro l ina  
Roe, Ohio 
Smith Louis iana  
Smith Center ,  Kansas 
Wilson, F l o r i d a  
Wolve rh i l l ,  V i r g i n i a  
Y e r k e s ,  Wisconsin 
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e i g h t  was thought  t o  be l a r g e  enough t o  avoid skywave i n t e r f e r e n c e  among t h e  p u l s e s .  

Rather a c c i d e n t a l l y  it w a s  d i scovered  that the h i g h e r  o r d e r  hops w e r e  i n t e r f e r i n g ,  
b u t  un fo r tuna te ly  that  d iscovery  was almost  t o o  late.  A f t e r  some pe r suas ion ,  phase 
coding w a s  used du r ing  t h e  l a s t  two months of ope ra t ion .  The r e s u l t  w a s  t h a t  on ly  
two months of r e a l l y  good d a t a  were obta ined .  

While t h e  measurements made wi th  t h e  G M R ' s  were an e n t i r e l y  necessary  p a r t  of t h e  
program, t h e  r e s u l t s  of t hose  measurements d i d  n o t  n e c e s s a r i l y  r e v e a l  how a c c u r a t e l y  
an a i rcraf t  could be guided t o  a predetermined bomb-release p o i n t .  

The GMR's were b u i l t  for f i x e d  ope ra t ion  so t h e r e  w a s  no need f o r  rate s e r v o s .  
A l s o ,  long t i m e  cons t an t s  w e r e  used t o  reduce t h e  e f f e c t s  of no i se .  

I n  t h e  dynamic s i t u a t i o n  of drawing informat ion  from t h e  s i g n a l s  t o  provide  
guidance for  an a i r c r a f t ,  t i m e  c o n s t a n t s  and s igna l - to -no i se  r a t i o  a r e  i t e m s  of major 
importance.  T i m e  c o n s t a n t s  must be  long enough to  provide  s a t i s f a c t o r y  smoothing of 
t h e  t ime-d i f f e rence  r e a d i n g s ,  b u t  they  must a l s o  be s h o r t  enough t o  respond t o  t h e  
changing readings  as t h e  a i r c r a f t  moves across t h e  hype rbo l i c  g r i d .  R a t e  s e rvos  can 
update  t h e  readings  t o  the approximate p o s i t i o n  of t h e  a i r c r a f t  when f l y i n g  a s t r a i g h t  
cour se ,  b u t  du r ing  maneuvers or any change i n  cour se ,  a d d i t i o n a l  in format ion  must b e  
drawn from t h e  s i g n a l s .  I n  t h i s  s i t u a t i o n ,  t h e  s igna l - to -no i se  r a t i o  is t h e  p r i n c i p a l  
f a c t o r  t h a t  u l t i m a t e l y  governs the d i f f e r e n c e  between t h e  i n d i c a t e d  p o s i t i o n  of t h e  
a i r c r a f t  and i t s  a c t u a l  p o s i t i o n .  

U l t ima te ly  , it w a s  recognized t h a t  a c c e l e r a t i o n  informat ion  would probably have t o  
be ob ta ined  from i n e r t i a l  devices  i n  o r d e r  t o  i n s u r e  t h e  r equ i r ed  accuracy.  The immediate 
test o b j e c t i v e s ,  however, were conf ined  t o  t h e  r a d i o  system only .  Refinements could be  
added i f  necessary .  

Two independent  methods of c o r r e l a t i n g  t h e  a i r c r a f t ' s  p o s i t i o n  w i t h  t h e  Cytac g r i d  
were devised .  One c o n s i s t e d  of us ing  a v e r t i c a l  camera on a g y r o - s t a b i l i z e d  mount t o  
photograph i d e n t i f i a b l e  o b j e c t s  on t h e  ground whose Cytac coord ina te s  were known. A t  

t h e  i n s t a n t  a p i c t u r e  w a s  t aken ,  the Cytac coord ina te s ,  as measured i n  t h e  a i r c r a f t ,  
w e r e  recorded .  The o t h e r  method c o n s i s t e d  of p l o t t i n g  t h e  a i r c r a f t ' s  track as observed 
wi th  a v e r t i c a l  camera obscura  (24-inch f o c a l  l eng th  l e n s )  t h a t  w a s  mounted immediately 
b e s i d e  one of t h e  GMR's .  An a u t o p i l o t  coupler  w a s  used wi th  the a i rbo rne  r e c e i v e r  t o  
hold t h e  a i r c r a f t  on the same l i n e  of p o s i t i o n  as measured by t h e  GMR. By f l y i n g  f i r s t  
one l i n e  of p o s i t i o n  and then the  o t h e r ,  a f i x  could be e s t a b l i s h e d  by t h e  i n t e r s e c t i o n  
of t h e  t w o  t r a c k s .  A t  a l t i t u d e s  from about  1 0 0 0  f t  up, it w a s  q u i t e  easy  t o  fo l low t h e  
image of the a i r c r a f t  wi th  a p e n c i l  as it moved ac ross  a c a l i b r a t e d  c h a r t  used wi th  t h e  
camera obscura .  

Both methods were q u i t e  accu ra t e  and e n t i r e l y  adequate  f o r  t h e  purpose.  The camera 
obscura ,  however, d i d  have one d i s t i n c t  advantage. The r e s u l t s  of each t es t  could  be  
communicated immediately by r a d i o  t o  the a i r c r a f t .  When it was necessary  t o  r e p e a t  a 
run ,  and it f requen t ly  w a s ,  it could  be done immediately. 

A v a r i a t i o n  of t h e  f i r s t  method, combined wi th  t h e  a u t o p i l o t  coup le r ,  w a s  used 
q u i t e  s u c c e s s f u l l y  t o  determine how a c c u r a t e l y  t h e  a i r c r a f t  could  be guided t o  any 
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s p e c i f i e d  set  of t a r g e t  coord ina te s .  I n  t h e s e  tests t h e  a i r c r a f t  w a s  flown au tomat i ca l ly  
on one l i n e  of  p o s i t i o n  and t h e  v e r t i c a l  camera w a s  t r i g g e r e d  by t h e  o t h e r  l i n e  o r  t i m e -  
d i f f e r e n c e  reading .  

5 . 2 .  Summary of F i e l d  Measurements 

The l o c a t i o n  of t h e  t r a n s m i t t e r s  and t h e  hype rbo l i c  g r i d  of t h e  system are shown i n  
f i g u r e  5.1.  The s i tes  and area where measurements were made are shown i n  f i g u r e  5.2. 
The fo l lowing  r e p r e s e n t a t i v e  and s i g n i f i c a n t  d a t a  are p resen ted  and d i scussed  
( L i n f i e l d  e t  a l .  1957) .  

5.2.1. Base l ine  Extension Measurements 

The f i r s t  measurements were made i n  the F o r e s t p o r t  b a s e l i n e  ex tens ion  r eg ion  t o  
de termine  t h e  coding de lay .  
and i d e n t i c a l  i n  p r i n c i p l e  t o ,  tha t  desc r ibed  i n  s e c t i o n  9 .  Both a i rbo rne  and ground 
measurements were made. F igure  5.3 i s  a map of  t h e  F o r e s t p o r t  b a s e l i n e  ex tens ion  

r eg ion  showing where t h e  measurements w e r e  made. 

The measurement and a n a l y s i s  technique  used w a s  s imilar t o ,  

The available roads  c ros sed  t h e  ex tens ion  ob l ique ly  r a t h e r  t han  a t  r i g h t  ang le s .  
The ob l ique -c ross ing  d a t a  w e r e  e n t i r e l y  v a l i d  b u t  more computation w a s  r equ i r ed  i n  t h e  

a n a l y s i s .  
shown i n  t h e  fo l lowing  t a b u l a t i o n .  

The d i s t a n c e  from t h e  F o r e s t p o r t  t r a n s m i t t e r  t o  t h e  va r ious  c r o s s i n g s  i s  

Figure 5.1. Cytac transmitters and grid 
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GMR. SITES 

X AIRCRAFT TARGET SITES 

5. PROSPECT, PA. 
6 BEDFORD. PA. 
7. ULLY BRANCH M Y  MO 
e YELLOWWDOD LAKE. IN[ 

15. M R R l S  O W .  TENN. 
16. hWX WTCH. NC 
17.WTS BAR DAM. TENh 8 

~~ 

le. PICKWICK w MM. TEL 
19. W E E  M M  NO I.TENU 
20 ENDER. NC. 
21. HWPSTEAD. N.C. 
22.WNTERNILLE MM.ALILI 
23. FEIXRAL PMNT. N.C. 
24. W T H W R T  E. 89sE. N.1 
25. R USE, N.C 
26. FORMAN. ARK. 
2% BLRGESS. Y. 
2 8  CUMEY. TEX. 
29. CANALUY, GA. 
x). HINES. GA. 
31. CHESTER,GA 

3IGAVlN. MISS 
34. SMITH. LA. 
35 CATPOINT. FLA. 
36 WILSON, FLA. 
3 2  STUART, FLA. 39. 
38FT.  MYERS, FLA. 
39.E. MRTELLO TOWER, F M .  

F i g u r e  5 . 2 .  C y t a c  m o n i t o r i n g  s i t e s .  

( SLAVE TRANSMITTER 

F i g u r e  5 .3 .  F o r e s t p o r t  ( S  b a s e l i n e  e x t e n s i o n .  2 

40 



1. Old Forge 19.9 statute  miles 
2. Cranberry Lake 58.0 
3. L i t t l e  Joe Indian  6 7 . 1  
4 .  N i c h o l v i l l e  86.4 

5. Moira 95 .6  1 

The t ime-di f fe rence  r ead ing  w a s  monitored a t  a p o i n t  c l o s e  t o  the  ex tens ion  nea r  
Cranberry Lake f o r  a t o t a l  of 3 4  hours .  
2 hours  of d a t a  w e r e  ob ta ined .  
mobile runs were made a t  Cranberry Lake and L i t t l e  Joe 

have r a t e  s e rvos ,  t h e  speed of t h e  van was kept  very low. 

A t  each of t h e  o t h e r  s i t e s ,  approximately 
I n  a d d i t i o n  t o  monitor ing a t  t h e  d i f f e r e n t  s i t e s ,  

Indian .  Since t h e  GMR's d i d  n o t  

Three sets of t ime-di f fe rence  curves based on NBS C i r c u l a r  573 ( J o h l e r  e t  a l . ,  
1956) w e r e  computed f o r  each of t h e  c ros s ings  
0.005 mhos/m) were used.  
imposed on t h e  computed curves f o r  the b e s t  o v e r a l l  f i t .  
curves  f o r  0 . 0 0 1  mhos/m q u i t e  w e l l  as can be seen  i n  f i g u r e s  5.4 and 5.5.  

are used i n  both f i g u r e s .  
p r i a t e  adjustments  f o r  those  measurements s l i g h t l y  o f f  t h e  ex tens ion )  t o  ob ta in  a more 
r e l i a b l e  average.  
va lues  from t h e  corresponding measured t i m e  d i f f e r e n c e s .  For example: 

( c o n d u c t i v i t i e s  of 0.0005, 0 . 0 0 1  and 
The measured v a l u e s ,  p l o t t e d  t o  the  b e s t  s c a l e ,  w e r e  super-  

The measurements matched t h e  
The same d a t a  

I n  f i g u r e  5 .5 ,  however, a l l  the d a t a  are used (with appro- 

The coding de lay  w a s  found by s u b t r a c t i n g  t h e  no-coding-delay-crossing 

A t  Cranberry Lake 
Measured t i m e  d i f f e r e n c e  31107.56 ps 

No- coding-de lay-  t i m e  
d i f f e r e n c e  1 . 6 0  

Coding de lay  31105.96 ps 

PERPENMCULAR DISTANCE FROM BASELINE EXTENSION, STATUTE MILES 

F i g u r e  5 . 4 .  F o r e s t p o r t  m e a s u r e m e n t s .  
Smooth c u r v e s  a r e  f o r  (J = 0 . 0 0 1  
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F i g u r e  5 .  5 .  F o r e s t p o r t  m e a s u r e m e n t s .  

The o t h e r  t h r e e  b a s e l i n e  ex tens ions  were over  sea water so those  readings  w e r e  
determined q u i t e  e a s i l y  wi th  the a i rbo rne  r e c e i v e r .  Note i n  f i g u r e  9.2 (page 127) the 
secondary c o r r e c t i o n  over  sea w a t e r  i n  t h e  range of 30 t o  1 0 0  km is  q u i t e  s m a l l  and 
changes s lowly.  The e x a c t  d i s t a n c e  from t h e  t r a n s m i t t e r  a t  which t h e  c ros s ings  were 
made w a s  n o t  c r i t i ca l .  

The measured coding de lay  of t h e  Carabe l l e  s l a v e  w a s  13808.00 ps and t h e  t r a n s -  
mission t i m e s  over  t h e  two b a s e l i n e s  were: 

Master t o  F o r e s t p o r t  3576.71 p s  

Master t o  Carabelle 2602.79 p s  

These va lues  are one h a l f  t h e  round- t r ip  t r ansmiss ion  t i m e  measured on t h e  master base- 
l i n e  ex tens ions .  

5.2.2. Random Er ro r s  

Table  5.2 shows t h e  d a t e  of o p e r a t i o n ,  t h e  number of hours  of obse rva t ions  and t h e  
number of i n d i v i d u a l  t ime-d i f fe rence  (phase and envelope)  r ead ings  recorded  by t h e  
ground-monitor r e c e i v e r s  a t  26 d i f f e r e n t  s i tes .  The readings  w e r e  cont inuous ly  recorded  
on E s t e r l i n e  Angus c h a r t s .  The c h a r t s  w e r e  s c a l e d  a t  2.5-min i n t e r v a l s  t o  o b t a i n  i n d i v i -  
d u a l  r ead ings .  

Both random and sys t ema t i c  e r r o r s  i n  t h e  t ime-di f fe rence  r ead ings  w e r e  found a t  a l l  

t h e  monitor ing sites. The mean r ead ing  a t  a s i t e  may p rope r ly  be cons idered  t o  be t h e  
c o r r e c t  r ead ing ,  wh i l e  t h e  d e v i a t i o n  of i n d i v i d u a l  readings  from t h a t  va lue  r e p r e s e n t s  
t h e  random o r  unpred ic t ab le  e r r o r  which is  i n h e r e n t  i n  t h e  system. F igures  5.6 through 

5.10 show t h e  cumulat ive d i s t r i b u t i o n s  of random e r r o r s  a t  f i v e  r e p r e s e n t a t i v e  s i tes .  
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T a b l e  5 . 2 .  P e r i o d s  of observation. 

S i t e  Per iod  Covered Hours of Number of  
N o .  S i t e  From Thru Observa t ion  Observa t ions  

1. 
2 .  
3. 
4 .  
5 .  
6. 
7 .  
8. 
9 .  

1 0 .  
11. 
1 2 .  
13. 
1 4 .  
15. 
16 .  
17. 
18. 
19. 
2 0 .  
21 .  
2 2 .  
23. 
2 4 .  
25. 
2 6 .  

Bedford,  Pa. 
Brownsvi l le ,  Tex. 
Canaday , G a .  
C a t  P t . ,  F l a .  
Ches te r  , G a .  
Clementine,  M o .  
Cumby, Tex 
Diamond, Ky. 
E .  Martello, F l a .  
Evensv i l l e  , Tenn. 
Forman., Ark. 
Gavin, M i s s .  
Goose, Ind. 
I r v i n ,  l a .  
Max Pa tch ,  N . C .  
Meserve, M e .  
P rospec t ,  P a .  
Punta Rassa, F l a .  
Rena, M i s s .  
Rodgers , N . C . 
R o e  , Ohio 
Smith,  La.  
Smith Cen te r ,  Kansas 
Wilson, F l a .  
Wolve rh i l l ,  V a .  
Yerkes , W i s .  

10/28/54 
2/7/55 

12/16/54 
1/26/55 

12/29/5 4 
12/6/54 

2/4/55 
12/13/5 4 

1/13/55 
11/29/54 

2/2/55 
1/27/55 

11/8/54 
1 1 / 2  3/5 4 
11/18/54 
10/5/54 
10/25/54 

1/17/55 
11/1/54 
11/1/54 
11/1/54 

1/31/55 
11 /2  9/5 4 

1/6/55 
1 0 / 2  8/54 
11/15/54 

10/29/54 
4/12/55 

12/17/54 
1/’26/55 

12/31/54 
12/10/54 

2/4/55 
12/17/5 4 

1/14/55 
12/3/54 

2/3/55 
1 / 2  8/55 

11/12/5 4 
1 1 / 2  4/54 
11/19/54 
10/15/54 
10/27/54 

1/18/55 
10/7/55 
9/12/55 
2/11/55 
2/1/55 

12/3/54 
1/12/55 

10/29/54 
11/19/5 4 

51.8 
97.9 
1 4 . 2  
9.3 

15.6 
52.0 

6.8 
5.2 
8.0 

57 .8  
8.0 
7.8 

51.2 
21.8 
27.2 
91.8 
17.1 

7 . 1  
800 (206) 
750 ( 2 4 4 )  
200 ( 2 6 )  

8.7 
30.4 
33.9 
1 6 . 4  
45.9 

1243 
2349 

341 
223 
374 

1248 
1 6  3 
12 4 
1 9  2 

1387 
19 2 
187 

1 2 2 9  
523 
653 

2203 
4 10 
170 

4944 
5856 

624 
208 
729 
814 
39 4 

1 1 0 2  

These errors are a t t r i b u t a b l e  t o  n o i s e ,  i n s t rumen ta t ion ,  and propagat ion .  S ince  phase  
coding w a s  n o t  used when t h e s e  measurements w e r e  made, it may be p o s s i b l e  t h a t  mu l t ip l e -  
hop skywave i n t e r f e r e n c e  c o n t r i b u t e d  t o  t h e s e  e r r o r s .  (Multiple-hop skywave i n t e r f e r e n c e  
w i l l  be d i scussed  la te r  i n  t h i s  s e c t i o n . )  

Most of  the errors appear t o  be normally d i s t r i b u t e d .  Both n o i s e  and skywave i n t e r -  
f e rence  w i l l  produce t h a t  t ype  of d i s t r i b u t i o n .  Some of t h e  errors, however, appear  t o  
have a d i f f e r e n t  o r i g i n .  Note t h e  S 2  r ead ings  i n  f i g u r e  5.6. 

ends of t h e  d i s t r i b u t i o n  i n d i c a t e  errors of a non-random na tu re .  The a c t u a l  reason  f o r  
t hose  e r r o r s  i s  n o t  known b u t  it i s  a r easonab le  guess t h a t  changes i n  t h e  coding de lay  
o r  envelope-cycle r e l a t i o n s h i p  occurred  f o r  b r i e f  pe r iods  of t i m e .  

The ab rup t  changes a t  both  

The geometry of  t h e  hype rbo l i c  g r i d  and t h e  v a r i a b i l i t y  of t h e  t ime-d i f f e rence  
r ead ings  combine t o  cause  t h e  f i x  errors t o  be d i s t r i b u t e d  i n  t h e  form of an e l l i p s e .  

The error  e l l i p s e s  con ta in ing  50 pe rcen t  of t h e  f i x e s  a t  t h e  above f i v e  s i tes  are shown 
i n  f i g u r e s  5.11 through 5.15. For comparison, t h e  c i r c u l a r - e r r o r  p r o b a b i l i t y  (CEP) f o r  
50 p e r c e n t  of t h e  f i x e s  i s  also shown. The major and minor semi-axes of t h e  e l l i p s e s  

(50 p e r c e n t  of f i x e s )  a t  2 2  of t h e  s i tes  are t a b u l a t e d  i n  table 5 .3 .  
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Figure  5 . 6 .  Readings  a t  W i l l i a m s  Bay, W i s c o n s i n .  
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Figure  5 . 6 .  Readings  a t  Drakesboro ,  Kentucky  
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Figure  5 .  7 .  Reading a t  Smi th  C e n t e r ,  Kansas.  
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Figure  5 . 9 .  Readings  a t  Dayton, Tennessee .  
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Figure  5 . 1 0 .  Readings  a t  Twin C i t y ,  Georgia .  
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Figure  5 . 1 1 .  C i r c u l a r  and e l l i p t i c a l  d i s t r i b u t i o n  Figure  5 . 1 2 .  C i r c u l a r  and e l l i v t i c a l  d i s t r i b u t i o n  
of e r r o r s ,  5 0 %  of f i x e s .  
W i l l i a m s  Bay, W i s c o n s i n .  
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Figure  5 . 1 3 .  C i r c u l a r  and e l l i p t i c a l  d i s t r i b u t i o n  
of e r r o r s ,  5 0 %  of f i x e s .  
Drakesboro, K e n t u c k y .  

of e r r o r s ,  5 0 %  of' f i x e s .  
S m i t h  C e n t e r ,  Kansas.  
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Figure 5.14. C i r c u l a r  and e l l i p t i c a l  d i s t r i b u t i o n  
of e r r o r s ,  5 0 %  of f i x e s .  
Dayton, T e n n e s s e e .  
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Figure  5 . 1 5 .  C i r c u l a r  and e l l i p t i c a l  d i s t r i b u t i o n  
o f  e r r o r s ,  5 0 %  of f i x e s .  
Twin C i t y ,  Georgia .  

Tab le  5 . 3 .  Major and Minor Semi -Ax i s  of 
50-Percent  Error  E l i p s e s  

-- 
Major Minor 

Semi-axis  (f t )  Semi-axis  (ft) 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

Bedford,  Pennsylvania 

Canaday, Georgia 

Cat Poipt, F lor ida  

Ches te r ,  Georgia 

Clementine, Missour i  

Cumby, Texas  

Diamond, Kentucky 

Evensville,  Tennessee  

Forman,  Arkansas  

Gavin, Miss i ss ippi  

Goose, Indiana 

Irvin, Iowa 

Max Patch ,  North Carolina 

Prospec t ,  Pennsylvania 

Punta Rassa ,  F lor ida  

Rena L a r a ,  Miss i ss ippi  

Rodgers,  North Carolina 

Roe, Ohio 

Smith Center ,  Kansas  

Wilson, F lor ida  

Wolverhil l ,  Virginia 

Yerkes ,  Wisconsin 

240 

120 

4072 

378 

840 

773 

289 

334 

94 1 

742 

186 

588 

100 

223 

2157 

1370 

345 

108 

1384 

3481 

345 

347 

31 

65  

254 

49 

173 

73 

52 

84 

90 

124 

85 

112 

80 

29 

63 

207 

106 

51 

287 

120 

30 

159 



5 . 2 . 3 .  Systemat ic  E r ro r s  

The d i f f e r e n c e  between computed and measured t i m e  d i f f e r e n c e s  can be t r e a t e d  as 
a sys t ema t i c  e r r o r .  The major source  of sys t ema t i c  e r r o r s  i s  inaccuracy  i n  computing 

t h e  t r ansmiss ion  t i m e  of the s i g n a l s .  
p ropagat ion  o r  bo th ,  a f f e c t  t he  computation bu t  i n  these  t es t s ,  s i g n i f i c a n t  d i s t a n c e  

e r ro r s  were eliminated by using s i t e s  whose coordinates were establ ished by f i r s t -o rde r  
t r i a n g u l a t i o n .  To a good approximation,  a l l  t h e  sys t ema t i c  e r r o r s  can be a t t r i b u t e d  t o  
t h e  p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  ground over  which t h e  s i g n a l s  w e r e  propagated.  

The d i s t a n c e s  from t h e  t r a n s m i t t e r s  t o  each of t h e  s i tes  w e r e  computed by t h e  
method given by Clarke ( 1 8 8 0 ) .  The propagat ion  t i m e s  w e r e  computed i n  accordance wi th  
NBS C i r c u l a r  573 ( J o h l e r  e t  a l .  1 9 5 6 ) ,  "Phase of t h e  l o w  r a d i o  frequency ground wave". 
Secondary c o r r e c t i o n s  f o r  pa ths  of mixed conduc t iv i ty  w e r e  computed by a method given 
by Mi l l i ng ton  (Mi l l ing ton  and I s t e d ,  1950) .  The ma jo r i ty  of t h e  conduc t iv i ty  d a t a  
a v a i l a b l e  was i n  the  form of a conduc t iv i ty  map of t h e  U.S. (F ine ,  1954) .  This  map, 
however, i s  based on t h e  a t t e n u a t i o n  of s t anda rd  b roadcas t  s i g n a l s  , and l i t t l e  hope 

was he ld  t h a t  it would be meaningful a t  1 0 0  kHz. 

E r r o r s  i n  e i t h e r  d i s t a n c e  o r  t he  v e l o c i t y  of 

S ince  t h e  conduc t iv i ty  cannot  be determined from i n d i v i d u a l  t ime-d i f f e rence  mea- 
surements a lone  ( excep t  i n  t h e  case of t h e  round- t r ip  t i m e  between t r a n s m i t t e r s  and 
a s  desc r ibed  i n  sec. 9 ) ,  and because t h e  conduc t iv i ty  d a t a  w e r e  of such a dubious n a t u r e ,  
a g r e a t  d e a l  of t r i a l - a n d - e r r o r  procedure w a s  ne,cessary t o  c o r r e l a t e  t h e  measurements 
wi th  t h e  computat ions.  

I t  was found t h a t  secondary-phase c o r r e c t i o n s  based on a conduc t iv i ty  of 0 . 0 0 5  mhos/m 
gave t h e  smallest ( n e a r l y  0 )  average s y s t e m a t i c  e r r o r .  Cor rec t ions  based on t h e  FCC map 
reduced t h e  e r r o r  i n  s l i g h t l y  over  one t h i r d  of t h e  cases b u t  i nc reased  t h e  e r r o r  i n  
t h e  o t h e r s  (see t a b l e  5 . 4 ) .  

I t  was thought  t h a t  pa ths  invo lv ing  mountainous t e r r a i n  might r e q u i r e  l a r g e r  phase 
c o r r e c t i o n s  than  would be i n d i c a t e d  by t h e  conduc t iv i ty  a lone .  The e l e v a t i o n  p r o f i l e s  

of s e v e r a l  pa ths  were p l o t t e d  b u t  t h e r e  was no obvious c o r r e l a t i o n  between t h e  topo- 
g raph ic  f e a t u r e s  and t h e  t ime-di f fe rence  r ead ings .  

A t  t h e  26  monitor ing s i t e s ,  t h e  sys t ema t i c  e r r o r  (based on 0 . 0 0 5  mhos/m) was less 
than  1 us i n  72 pe rcen t  of t h e  l i n e s  of p o s i t i o n .  S ince  t h e  e r r o r s  were sma l l  i n  most 
c a s e s ,  l i n e a r  i n t e r p o l a t i o n s  of t h e  e r r o r s  between t h e  s i tes  were made i n  o r d e r  t o  con- 

s t r u c t  contours  of cons t an t  e r r o r  (see f i g s .  5.16 and 5 . 1 7 ) .  

5.2.4. F l i g h t  T e s t s  (Random and Sys temat ic  E r r o r s )  

The i n t e r p r e t a t i o n  of t h e  d a t a  given below i s  e s s e n t i a l l y  t h e  i n t e r p r e t a t i o n  made 
du r ing  and immediately a f t e r  t h e  tests.  A r e c e n t  review of t h e  tes t  r e s u l t s  s t r o n g l y  
sugges t s  t h a t  i n  and over  mountainous t e r r a i n ,  unexpected s c a t t e r  f i e l d s  con t r ibu ted  
inaccurac i e s  t h a t  w e r e  blamed on n o i s e ,  improper ad jus tment  of a u t o p i l o t  coupl ing ,  etc.  
There was a tendency f o r  t h e  a i r c r a f t  t o  f l y  an o s c i l l a t o r y  t r a c k ,  e s p e c i a l l y  a t  
Dayton, Tennessee, and t h e  reason  w a s  thought  t o  be improper a u t o p i l o t  coupl ing  a d j u s t -  
ment. It  now seems more probable  t h a t  d i s t o r t i o n  of t h e  g r i d  by scatter f i e l d s  i s  t h e  
c o r r e c t  exp lana t ion  of t h e  r e s u l t s  (see sec. 9 ) .  
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F#@ure 5 . 1 6 .  Contours  o f  c o n s t a n t  t i m e -  
d i f f e r e n c e  c o r r e c t i o n s  f s l ) .  

Figure  5 . 1 7 .  Contours  o f  c o n s t a n t  t ime-  
d i f f e r e n c e  c o r r e c t i o n  ( s ~ ) .  

Tab le  5 . 4 .  Cytac  Errors Based on C o n d u c t i v i t y  C o r r e c t i o n s .  

___._ --____ 
Errors i n  us 

No Correc t ion  0 .005  m h o s / m  Millington-FCC Map Si te  - 
SI s, SI s, SI s a  

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 

Bedford, Pennsylvania t 3 . 8 0  -0. 99 t 1 . 3 0  -0. 09 
Brownsville,  Texas  -3 .32  -1 .25  
Canaday, Georgia -0 .35  t 4 . 5 8  - 0 . 0 5  t 0 . 3 8  
Cat. Point, F l o r i d a  -3 .20  t 4 . 8 0  - 0 . 0 1  + 0 . 6 5  
Ches te r ,  Georg ia  t 0 . 6 2  t 5 . 2 4  t O . 1 2  t o .  14 
Clementine,  Missour i  -1.  14 -1 .88  - 0 . 0 4  - 2 . 8 8  
Cumby, Texas  -1.70 t 0 . 6 6  t O . 8 0  -1.19 
Diamond, Kentucky -0. 13 t 0 . 4 7  -0 .07  - 0 . 9 5  
E. Martello,  F lor ida  -0 .85  t 5 . 4 5  -1 .08  - 0 . 0 3  
Evensville, Tennessee  -0 .86  t 3 . 0 2  - 0 . 7 6  t 0 . 7 8  
Forman,  Arkansas  - 1 .  82 t o .  68 t 0 . 4 8  -1. 37 
Gavin, Miss i ss ippi  -2.  67 t 3 .  52 t o .  43 t o .  07 

Irvin,  Iowa -0 .20  -1 .68  t 0 . 2 8  -1 .58  
Max Patch, North Carolina t 1.34 t 4 . 7 4  t o .  50 +2. 24 
Meserve ,  Maine -0 .47  -0.07 
P r o s p e c t ,  Pennsylvania t 2 . 5 5  -1.63 -0 .15  -0.43 
Punta Rassa ,  F lor ida  -1.27 t 5 . 8 7  t O . 0 2  t O . 0 2  
Rena L a r a ,  Louisiana - 2 . 0 3  t 1 . 9 3  -0. 10 -0.47 

Roe, Ohio t 2 . 0 2  t O . 0 4  t 0 . 4 8  -1 .20  
Smith,  Louisiana -3 .96  i 1 . 3 2  - 0 . 8 1  -1. 59 
Smith Center ,  Kansas  -1 .70  - 2 . 0 2  - 0 . 6 0  -2 .22  
Wilson, F lor ida  t 0 . 9 0  ‘5.79 -0 .51  t 0 . 8 9  
Wolverhill, Virginia t 3 . 5 0  - 0 . 3 3  t 0 . 6 3  - 0 . 3 3  
Yerkes ,  Wisconsin t 0 . 3 7  -2. 23 -0. 13 -1. 33 

Goose, Indiana t i . 3 9  - 1 . 9 4  t 0 . 2 9  - 1 . 0 4  

Rodgers,  North Carolina t 3 . 3 5  t 5 . 4 3  + 0 . 3 5  t l . 0 1  

t o .  22 t o .  26 

-0. 82 -0. 52 

t o . 5 5  t o . 3 5  
-0 .40  - 1 . 3 7  

t o .  04 -0. 81 
-0 .28  t 0 . 7 6  

-0. 29 t 2 .  50 
t 1. 82 

- 0 . 7 8  t 0 . 3 9  
t 0 . 7 3  t 0 . 0 5  
-0 .45  - 0 . 4 6  
-0.  82 -0. 80 

- 0 . 8 6  -1 .  52 

- 1 . 4 6  - 0 . 4 3  
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Random errors can be removed from t h e  GMR d a t a  by long-term averaging  as has  been 

done above i n  o r d e r  t o  s tudy  t h e  sys t ema t i c  e r r o r s .  Random e r r o r s  i n  d a t a  taken i n  
f l i g h t  can be minimized b u t  n o t  removed e n t i r e l y ,  whi le  t h e  sys t ema t i c  e r r o r s  can be 

e f f e c t i v e l y  removed. The technique  desc r ibed  ear l ie r  of f l y i n g  over  a GMR us ing  t h e  
s a m e  l i n e s  of p o s i t i o n  i n d i c a t e d  by t h e  GMR provided a means of e v a l u a t i n g  d i r e c t l y  

t h e  accuracy wi th  which an a i r c r a f t  could  be guided t o  known coord ina te s .  

P e r i o d i c a l l y ,  du r ing  t h e s e  t es t s ,  t h e  GMR and a i rbo rne  r e c e i v e r  (EAR) read ings  w e r e  
compared by b r ing ing  t h e  GMR t o  a convenient ly  loca t ed  a i r p o r t  where t h  equipments could 
be ope ra t ed  a t  t h e  s a m e  p l ace .  I n  most i n s t a n c e s ,  both r e c e i v e r s  gave t h e  same read ings ,  
b u t  i n  some cases they  d i f f e r e d  by as much as 0 . 2  t o  0 . 3  us. The reason f o r  t h e  d i f f e r -  
e n t  readings  could n o t  be f u l l y  determined wi th  t h e  t es t  equipment a v a i l a b l e  i n  t h e  f i e l d ,  

b u t  when d i f f e r e n c e s  were found, a t tempts  were made t o  t ake  them i n t o  account  i n  t h e  
d a t a  a n a l y s i s .  

S i t e s  f o r  t hese  tes ts  w e r e  chosen so  t h e  propagat ion  pa ths  inc luded  mountains ,  
smooth t e r r a i n ,  and sea water, i n  va r ious  combinations. The s i tes  were loca ted  nea r  
Dayton, Tennessee, Twin C i t y ,  Georgia ,  Savannah, Georgia ,  T i t u s v i l l e  , F l o r i d a ,  an6 
F o r t  Meyers , F l o r i d a .  It w a s  suspec ted  t h a t  mountainous r eg ions  might i nvo lve  

complicated c o r r e c t i o n s  and t h a t  s h o r e l i n e s  might cause phase p e r t u r b a t i o n s  which 
would a f f e c t  the guidance accuracy.  

The s i t e  a t  Dayton, Tennessee w a s  chosen because of i t s  proximi ty  t o  t h e  mountains. 
The pa th  t o  t h e  mas ter  s t a t i o n  c rossed  the  mountains w i t h i n  a few m i l e s  from t h e  r e c e i v e r  
and it w a s  thought  t he  e f f e c t i v e  pa th  l eng th  might be s h o r t e r  a t  a l t i t u d e  because t h e  
" r ay  pa th"  between t h e  a i r c r a f t  and t h e  t r a n s m i t t e r  would be a smoother arc than  t h a t  
de f ined  by t h e  e l e v a t i o n  p r o f i l e  of t h e  t e r r a i n .  (This  s u b j e c t  is  d i scussed  f u r t h e r  
i n  sec. 9 . )  

t h e  r e c e i v e r  t o  t h e  mountains w a s  g r e a t e r .  Seve ra l  f l i g h t s  over  t h e  GMR w e r e  made a t  
2000- ,  6000- ,  and 10 ,000-f t  a l t i t u d e s  us ing  t h e  a u t o p i l o t  coupler .  The t r a c k  of t h e  
a i r c r a f t  passed n e a r  t h e  GMR b u t  n o t  p r e c i s e l y  over  it except  i n  a few cases. The 
d i f f e r e n c e  between t h e  ground and a i rbo rne  readings  w a s  ad jus t ed  t o  t ake  t h e  m i s s  
d i s t a n c e  i n t o  account .  The a d j u s t e d  d i f f e r e n c e s  are p l o t t e d  i n  f i g u r e s  5.18 and 5 .19 .  

The t r a c k  of t h e  a i r c r a f t  on s e v e r a l  f l i g h t s ,  as p l o t t e d  wi th  t h e  camera obscura ,  i s  
shown i n  f i g u r e  5.20. 

The pa ths  t o  t h e  s l a v e  s t a t i o n s  w e r e  somewhat s i m i l a r ,  b u t  t h e  d i s t a n c e  from 

The d a t a  seem t o  i n d i c a t e  a change i n  reading  wi th  a l t i t u d e  a s  would occur  i f  t h e  
pa th  t o  the  master s t a t i o n  were shor tened .  However, t h e  scat ter  of t h e  i n d i v i d u a l  read- 
ings  and t h e  p o s s i b i l i t y  t h a t  s m a l l  i n s t rumen ta t ion  e r r o r s  could have occur red ,  reduce 
t h e  confidence t h a t  should  be p laced  i n  the  r e s u l t s .  These f l i g h t s  w e r e  among t h e  f i r s t  
us ing  t h e  a u t o p i l o t  c o u p l e r ,  and it took some t i m e  f o r  a l l  concerned t o  acqu i r e  t h e  s k i l l  
and know-how needed t o  c a r r y  o u t  t h e  measurements e f f i c i e n t l y .  

The r e s u l t s  of t h e  f l i g h t  tests a t  Dayton and t h e  o t h e r  fou r  s i tes  are shown i n  
tables 5.5 through 5.10. The average m i s s  d i s t a n c e s  vary by as much a s  1 O : l  among t h e  
sites. A t  least  one cause f o r  t h i s  was t h e  a u t o p i l o t  coupler  t h a t  was n o t  designed t o  
ope ra t e  under adverse  no i se  cond i t ions .  A t  Savannah and T i t u s v i l l e ,  t h e  s igna l - to -no i se  

r a t i o  was e x c e l l e n t  (&! and SI), and t h e  accuracy of t h e  guidance w a s  l i m i t e d  mainly by t h e  
in s t rumen ta t ion  -- n o t  propagat ion .  A t  Dayton, t h e  s igna l - to -no i se  r a t i o  w$s r e l a t i v e l y  
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0- AVERAGE VAWES 

12,000 

0-AVERAGE VALUES A-INDIVIDUAL READINGS A-INDIVIDUAL READINGS 

t- 

LL 
; 8,000 
z 
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W 

3 

0 
-0.2 0 0.2 0.4 

CORRECTED DIFFERENCE BETWEEN 
E.A.R. AND G.M.R. IN MICROSECONDS 

Figure  5 . 1 8 .  SI r e a d i n g s ,  Dayton, T e n n e s s e e .  

CORRECTED DIFFERENCE BETWEEN 
EAR.  AND GM.R. IN MICROSECONDS 

Figure  5 . 1 9 .  S2 r e a d i n g s ,  Dayton, T e n n e s s e e .  

F i g u r e  5 . 2 0 .  T r a c k s  o f  a i r c r a f t  f l y i n g  o v e r  
GMR, Dayton, T e n n e s s e e .  
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good, b u t  e v i d e n t l y  there were enough s f e r i c s  t o  m a t e r i a l l y  degrade t h e  p r e c i s i o n  of 
t h e  c o n t r o l .  

The ground and a i r b o r n e  r ead ings  were compared a f t e r  making ad jus tments  f o r  t h e  
m i s s  d i s t a n c e  as determined by both  t h e  v e r t i c a l  camera and t h e  camera obscura .  T h e  

a b s o l u t e  va lue  of t h e  d i f f e r e n c e  is  s m a l l  and the  a l g e b r a i c  average of t h e  d i f f e r e n c e s  
i s  z e r o  or n e a r l y  so i n  a l l  cases excep t  a t  Dayton on t h e  S 2  p a i r .  The f a c t  t h a t  t h e  
average i s  n o t  ze ro  i n  t h i s  case could  be  i n t e r p r e t e d  as ev idence  t o  suppor t  t h e  no t ion  
t h a t  t h e  r ead ing  changed wi th  a l t i t u d e .  However, i f  t h e  e f f e c t i v e  d i s t a n c e  t o  t h e  
mas ter  s t a t i o n  d i d  become s h o r t e r  wi th  a l t i t u d e ,  t h e  SI r ead ings  should  have changed 
a l so ,  b u t  t h e  a l g e b r a i c  average of t h e  S I  d i f f e r e n c e s  does n o t  show such a change. I t  

seems more probable  t h a t  an in s t rumen ta t ion  e r r o r  was p r e s e n t  i n  t h e  S z  r ead ings .  

The  s i tes  a t  Savannah, T i t u s v i l l e ,  Punta R a s s a ,  and Fort  Meyers w e r e  a l l  e i t h e r  

on o r  very  n e a r  a s h o r e l i n e .  Phase p e r t u r b a t i o n s  a t  t h e  land-sea  boundar ies  were ex- 
pec ted  b u t  they  w e r e  e i t h e r  absen t  o r  so s m a l l  they  escaped n o t i c e .  A y e a r  l a t e r  (1956) ,  
such phase p e r t u r b a t i o n s  were c l e a r l y  found wi th  t h e  Decca system and were r e p o r t e d  by 
Pressey  e t  a l .  (1956) ,  Pressey  and Ashwell (1956) ,  and Reynolds (1953) .  Why t h e  p u l s e  
system does n o t  seem t o  d e t e c t  t h e  s h o r e l i n e  phase p e r t u r b a t i o n s  has  n o t  been exp la ined .  

F ly ing  ove r  a GMR on t h e  s a m e  l i n e s  of p o s i t i o n  observed by t h e  GMR demonstrated 

t h e  accuracy t h a t  could  be expec ted  from t h e  system when t h e  t a r g e t  coord ina te s  were known. 
I n  a c t u a l  use  of t h e  system, t a r g e t  coord ina te s  would n o t  be  known so p r e c i s e l y .  Sys te -  
matic errors could  s e r i o u s l y  degrade t h e  accuracy even i f  t h e  random errors were w i t h i n  
accep tab le  l i m i t s .  To t e s t  t h e  system more r e a l i s t i c a l l y ,  11 t a r g e t s  were s e l e c t e d  
t h a t  w e r e  e a s i l y  i d e n t i f i a b l e  from t h e  a i r .  The i r  coord ina te s  were computed on t h e  
b a s i s  of  a uniform conduc t iv i ty  of 0.005 mhos/m and then  a d j u s t e d  by apply ing  t h e  s y s t e -  
m a t i c  c o r r e c t i o n s  s c a l e d  from f i g u r e s  5.16 and 5.17. 

The a i r c r a f t  was flown a long  one coord ina te  o r  l i n e  of p o s i t i o n  wi th  t h e  a u t o p i l o t  
coup le r  and t h e  v e r t i c a l  camera w a s  t r i g g e r e d  when the o t h e r  t a r g e t  coord ina te  w a s  
reached. The m i s s  d i s t a n c e s  were s c a l e d  from t h e  photographs.  F igu res  5.21 and 5.22 
are t h e  photographs of  t h e  Watts B a r  D a m  and the Scot t -F i tzhugh Bridge t h a t  w e r e  
s e l e c t e d  as t a r g e t s .  The computed Cytac coord ina te s  and t h e  a i r c r a f t  p o s i t i o n s  are 
superimposed. 

I n  table 5.10, t h e  a c t u a l  m i s s  d i s t a n c e s ,  t h e  computed m i s s  d i s t a n c e s  t h a t  would 
have p r e v a i l e d  i f  no  s y s t e m a t i c  c o r r e c t i o n s  had been used ,  and t h e  d i s t a n c e  t o  t h e  
n e a r e s t  c a l i b r a t i o n  (GMR) s i t e  are shown. 

The average improvement i n  accuracy  from t h e  s y s t e m a t i c  c o r r e c t i o n s  w a s  e n t i r e l y  

expec ted ,  b u t  t h e  d e t e r i o r a t i o n  of the accuracy  a t  Yellowwood L a k e  D a m  and Dix D a m  w a s  
s u r p r i s i n g .  These t a r g e t s  were n e a r e r  t h e  t r a n s m i t t e r s  than  t h e  res t ,  w i t h  t h e  ex- 

cep t ion  of one o t h e r ,  so it i s  u n l i k e l y  t h a t  n o i s e  w a s  a c o n t r o l l i n g  f a c t o r .  P o s s i b l e  
causes  of  t h e  g r e a t e r  errors are multiple-hop skywave i n t e r f e r e n c e  and inaccuracy  
i n  the s y s t e m a t i c  c o r r e c t i o n s  used. Multiple-hop skywaves probably caused e r r o r s  i n  
t h e  52 synchron iza t ion  and i n  t h e  t i m e  d i f f e r e n c e s  measured by t h e  r e c e i v e r s .  I t  i s  
a l s o  p o s s i b l e  t h a t  the mean va lues  of t h e  r ead ings  ob ta ined  a t  t h e  GMR s i tes  w e r e  sub- 
j e c t  t o  errors of  a few t e n t h s  of a microsecond. Consequently,  t h e  s y s t e m a t i c  correc- 
t i o n s  ( f i g s .  5.16 and 5.17) are s u b j e c t  t o  t h e  same e r r o r s .  The widely va ry ing  
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T a b l e  5 . 5  C-47 f l i g h t s  a t  Day ton ,  T e n n e s s e e  ( E v e n s v i l l e ) .  

- ~ _ _ _ ~  
M = 412.006 

S = 391.257 
&stance to T r a n s m i t t e r s  

i n  Statute Miles  1 

2 s = 754.802 

tviicroseconds difference between C M R 
and E A R c o r r e c t e d  
I_ 

Aer ia l  Photos  C a m e r a  Obscura  -- RunNo.  Altitude LOP Miss  

s1 s2 s1 52 flown dis tance 
fee t  

Nov. 30, 
1954 

1 2,000 

2 2,000 

3 2,000 

4 2,000 

5 2,000 

6 2,000 

7 2,000 

9 10,000 

10 10,000 

11 10,000 

13 10,000 

14 10,000 

none 

none 

no ne 

s2 

s2 

s1 

s1 

s2 

s2 --- 

_-- 
--- 
-_ -  - .13  

245 - . l o  

78 - .13  

52 t .03  

135 - . 14  

130 - .02 

156 t .04 

312 t .05  

104 t .07 

-_ -  

t .13 

t .02 

- .01 
t .2a  

- .15 

t .32 

t . l l  

t . i a  

t . 2 5  

t .27 

- .07 
t . l l  

- . i a  
t .02 

- .14 

- .02 

- .06 

t .03 

- .oa  
t .25  

- .04 

t .12 

t . 1 1  Average Miss .  Distance 
I oo Evensvi l le ,  Tennessee  

S - 129' 

s = 211' 
- .05 1 -  

t .29 2 

- .32 

- .oa 
t .29 

t .07 

t .27 

t . I 3  

Dec. 3 ,  
1954 

1 2,000 s2 66 - .47 l  - .19 - .611 - . i a  
2 2,000 s2 286 - .17 t .06 - .25  t .02 

3 2,000 s1 317 - . 16  t .05 - . I 5  t .09 

Dec. 10, 
1954 

2 10,000 S2 6092 t .19 t .21 

3 10,000 s2 54 t . 1 4  t .42 t .05  t . 4 5  

4 10,000 S2 350 t - . 1 2  t .40 - .09 + .43  

6 10,000 s1 133 t . 15  t .42  t . 20  . 00 

5 10,000 s1 133 t . 15  + .31 + .15  - .09 

7 6,000 S1 88 t . l l  t .25 t .13  t .19 

Notes: 
1. L a r g e  reading on l ine 
c r o s s e d  evidently due t o  
noise  b u r s t  effecting 
instantaneous E. A. R. 
reading. 
2. La rge  m i s s  dis tance 
due to  too l a r g e  J sec.  
co r rec t ion  needed at 
10,000'. Cor rec t ion  
had not been applied on 
f i r s t  runs.  

Dec. 10, 
1954 

a 6,000 SI 20 t .07 

9 6,000 S2 115 t .07 

10 6,000 S2 t . 04  

11 2,000 S2 191 

12 2,000 S2 124 

4 

4 

Algebraic Average - .01 

t .16 t .10 t .16 

t .21 - .oa  t .24 

t .01 t .50 

t .06 

- .02 3. L a r g e  miss dis tance 3 

4 . o6 evidently clue to  1 )1 sec. 
e r r o r  i n  setting coupler  4 

L a r g e  miss dis tance 
caused e r r o r  i n  c r o s s -  
ing LOP. 

t .14 t .14 (value not used in  average) .  

t .10 4. S t r a n s m i t t e r  off a i r .  1 t .16 - .01 
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T a b l e  5 . 6  C - 4 7  f l i g h t s  a t  Twin C i t y ,  Georgia  (Canadayl .  

-_ 
M = 273.197 

= 223.075 

S = 852.345 

Distance to  T r a n s m i t t e r s  S 
i n  Statute Miles 1 

2 

Microseconds difference between G M R 
and E A R c o r r e c t e d  

Run No. Altitude L O P  Miss  Aer ia l  Photos C a m e r a  O b s z a  

_I___ 

s1 s2 s1 s2 flown distance 
feet  

DBc. 16. 
1954 

1 6,000 

2 6,000 

3 6,000 

4 6,000 

5 2,000 

6 2,000 

8 1,000 

9 1,000 

10 10,000 

11 10,000 

12 10,000 

13 10,000 

14 10,000 

0 t .09 

--- --- 
0 - .01 

0 - . l l  

20 - .12 
36 --- 
33 - .03 
54 t .03 

250 - .19 
10 t .07  

50 - .ox 
--- t .21 

225l t .12 

t .17 

- - -  
t .09 

t .19 

t .01 

- - -  
t .09 

t .06 

t .04 

- .02 
- .03 
t .16 

- .33 

. 00 

. 00 
- .05 
- .07  

- .04 
- .22 
- .02 
t . 0 2  

t .06 

t .03 

- . 02  

- -15 
.oo 

t .08 

- .02 
t .09 

t .22 

- .03 
- .22 
t .09 

t .08 

- .01  

- .01 

t .ox 
t .34 

- .37 

Average Miss Distance 
Canaday, Georgia 

s = 45' 

S = 251' 
1 

2 

Notes: 

1. L a r g e  miss d is tances  
caused  by weak and noisy S- 
signal.  Coupler did not ' 
have smoothing c i rcu i t s  for 
operating on  weak signal. 

2. Malfunction of ae r i a l  
c a m e r a .  

-- 
Dee. 16, 
1954 2 

2 

2 

15 6,000 S2 25 --- --- t . 02  t .ll 2 

16 6,000 S2 685l --- - - -  - .23 t .37 

17 2,000 S2 71 --- - .13 - .04 - - -  2 

Algebraic Average . 00 t .04 - .05 t .05  

. 

479-238 0 - 7 2  - 5 
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T a b l e  5 . 7  C-47 f l i g h t s  a t  Savannah,  Georgia ( C h e s t e r ) .  

Distance to  T r a n s m i t t e r s  M =  255. 784 
i n  Statute Miles S = 228.860 

S z 874.937 
1 

2 Microseconds difference between G M R 
a n d E  A R c o r r e c t e d  

RunNo.  Altitude LOP M i s s  A e r i a l  Photos  C a m e r a  Obscura  

s1 s2 52 flown distance 
feet  

- 
Dee. 19. 

1954 
2 10,000 

3 10 ,000  

4 10,000 

5 4 ,000  

6 4 ,000  

7 4 ,000  

9 4 ,000  

10 2,000 

11 2,000 

12 2 ,000  

13 2,000 

14 1.000 

15 1,000 

16 1 .000  

S1 96 

S1 25 

S1 42 

68 

S1 92 
s1 

s1 53 

s1 20 

S1 58 

S1 105 

0 
s1 
s1 10 

s1 

s1 54 

167 

S1 15 

t .16 - .07 
--- --- 
t .12  - .711 

t .09 t .12 

t . 0 7  - .02 

t .10  t .26 

t .02  t .01  

t . 05  - . 03  

t . 05  - .10  

t . 0 8  - .13  

t . 15  t .03 

t .02  - . 08  

t .06 - .06  

t .01 t . 15  

t .10 

t .16 

t .01 

t . 1 0  

t .06  

t . 14  

t .01 

t . 0 5  

t . l l  

t . 0 7  

t . 15  

t .01 

t .09  

t .oo 

- .06 
t .03  

- .7Z1 

t . 17  

t .06  

t .18  

t .03 

. 00 

- .09 

- .13  

- . 05  

- .09  

- .09 

t . 15  

Average Miss  Distance 
C h e s t e r ,  Georgia 

S z 48' 

S z not flown 
1 

2 

Notes: 
1. L a r g e  reading on l ine 
c r o s s e d  evidently due to  
l a r g e  noise b u r s t  effect- 
ing instantaneous E. A. R. 
reading (not used  i n  
average) .  

Dec. 31, 
1954 

1 2 ,000  

2 2,000 

3 500 

4 500 

5 500 

6 500 

7 5,000 

8 5,000 

9 8,000 

10 8,000 

11 3,000 

12 2,000 

13 2,000 

s1 18 

s1 

s1 

s1 

s1 

8 

S1 52 

36 

31 

S1 14 

23 

S1 23 

S1 50 

7 

S1 40 
s1 

s1 47 

S1 129 

t . 14  t .15  

t . 1 8  t . l l  

. O O  t .04  

t .03  - .05 

- .01  - .21 

t .02  - .16 

- .07  t .02 

- .08  - .06 

- .08  t .02 

- . 05  - .14  

- .19  t . 21  

- .04  t . 07  

- . 04  - .02 

t .12  

t .22  

- .01 

t .03  

- .01 

t .02  

- .06  

- . 05  

- .09 

- . 0 4  

- .07  

- .02  

t .01 

t .15  

t .13  

t .02 

- .05 

- .21 

- .18  

. 00 

- .03 

t .02 

- .14 

t .21 

t .08 

- . 03  

Algebraic Average t . 0 7  . 00 t . 0 4  . 00 
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T a b l e  5 . 8  C - 4 7  f l i g h t s  a t  T i t u s v i l l e ,  F l o r i d a  ( W i l s o n )  

LL = 405.048 

S = 249.026 

S =1067.180 

Distance to T r a n s m i t t e r s  
in  Statute NWes 1 

2 

Microsecond difference between G M R and 
E A R cor rec ted  

Aer ia l  Photos C a m e r a  Obscura 
___----I 

Run No.  Altitude LOP M i s s  

s2 flown dis tance 
fee t  

_______ __ I_-______I____ ~-_l__ll _____ __ 
_____I I-_______ __- _-_______-_______I_-____ II_- 

Jan.  7 ,  
1955 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

500 

500 

1 , 0 0 0  

1 ,000  

2 ,000  

2,000 

6,000 

6,000 

10 ,000  

10,000 

4,000 

4,000 

SI 19 

34 
s1 

s1 

a 
6 

S1 42 

S1 92 

SI 25 

13 

0 

20 

6 

S 71 

s1 

s1 

s1 

t .01 

. o o  
t . 0 3  

- . 04 

. o o  
- . I O  

t . 09  

- . 04  

t . 04  

.oo  
- .06 

t . 01  

- .36 

- .01  

t . 02  

t . 03  

t . l o  

- . I 9  

t . 2 2  

- . 07  

- . 33  

- “ 0 4  

t . 24  

- . 1 7  

t .01 

t .02 

t .04 

- . 04  

- . 01  

- . 12  

t . 06  

. o o  
t . 0 3  

t . 0 3  

- . 0 5  

t . 0 3  

- - 3 3  

t . 0 3  

t . 0 6  

t .07 

t . I 5  Average Kiss Distance 

- . 15  Wilson, F lor ida  

. 3 6  s = 25’ 1 

- . 0 3  S = not flown 

- . 2 9  

- - 0 1  

t .28 

- . 13  

___I_-__--___~__--_-____-__________________________ 

~ ~ ~ 

Jan. 7 ,  
1955 
13 4,000 S1 33 - .05 - - 0 1  - .02 t . 0 7  

14 2,000 s1 12 t .03 - . 20  t - 0 5  - . 1 6  

15  1,000 s1 0 - . 0 6  - .13  - .06  - .09 

Algebraic Average - .01 - . 06  . o o  - - 0 1  
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T a b l e  5 . 9  C - 4 7  f l i g h t s  a t  F t .  M y e r s ,  F l o r i d a  ( P u n t a  R a s s a ) .  
~ - - ~ ____ __ ~~ -- 

M = 576.392 

S = 282.096 

S ~ 1 2 3 2 . 1 7  

Distance t o  T r a n s m i t t e r s  
i n  Statute Miles  1 

2 

Wicrosecond difference between G R V and 
E A R c o r r e c t e d  

Aer i a l  Photos  C a m e r a  Obscura  
I_-__---- 

Run No.  Altitude L O P  kiss 

s2 s1 s2 
flown dis tance 

f ee t  

3 

4 

5 

6 

7 

9 

10 

11 

12 

13 

1 ,000  

1 ,000  

500 

500 

4,500 

4,500 

10,000 

10 ,000  

7,000 

3,000 

SI  142 

0 

SI 75 

SI 75 

65 

S1 24 

0 

s1 79 

0 

S1 38 

+ . 03  

- . l l  

- . 0 5  

. 00 
+ . 0 5  

t . 0 8  

- . 03  

- . 06  

- .02  

+ .Ot 

t .02 

- . 28 

+ - 0 6  s = 51, 
1 

- .12 S = not flown 
2 

- . 0 1  

- .OS 

t . 17  

. 00 

- .17 

Average h4iss Distance 
Punta  R a s s a ,  F lo r ida  

- - -  

______-__ 
_____-___I___ __ __l_l______ _______I__ 

__ 
Jan.  18,  

1955 -4 
€+ 

t . 16  t .20 

- .09 - .OS 15  1 ,000  SI 40 

16 1 ,000  SI  36 b - . 07  + . 3 0  

2 14 3,000 SI  10 

0 

0 z n 
Algebraic  Average - .01 . 00 

!2 
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T a b l e  5 . 1 0 .  Miss D i s t a n c e s  A s s o c i a t e d  w i t h  Bombing Runs. 

Targe t  AMD * UMD* D-GMR* 

1. 

2. 

10 4 

10 4 

G u n t e r s v i l l e  Dam 
Alabama 

Lock 38 
Kentucky 

1045 
702 
417 
320 
211 
324 
429 

1 1 1 0  
1270 

9 15 

2675 

465 

3. 

4. 

Watts B a r  D a m  
Tennessee 

Yellowwood Lake Dam 
Ind iana  

1500 

500 

18 

156 

5. Scott -Fi tzhugh Bridge 
Tennessee 

16 2 
318 

825 70 

200 
10 80 
309 
6 80 
522 

360 6. Dix Dam 
Ken t u  cky 

10 9 

7. 

8. 

840 

1 4 0 0  

55 

31 

Morris  D a m  
Tennessee 
Ocoee Dam N o .  1 
Tennessee 

378 
172 
296 

1320 9 .  Pickwick Landing D a m  
Tennessee 

1380 139 
1650 
572 

1 0 .  Keokuk Dam 

11. L i l l y  Branch D a m  
I l l i n o i s  

Missouri  

206 1700 
185 

1010 4450 

87 

70 

87 Average 643 1463 

* AMD - Actua l  m i s s  d i s t a n c e  i n  f e e t .  
UMD - Unadjusted m i s s  d i s t a n c e  i n  f e e t .  
D-GMR - Dis tance  t o  n e a r e s t  GMR s i t e  i n  n a u t i c a l  m i l e s  

d i s t a n c e  between t h e  contours  shows t h a t  t h e  sys t ema t i c  c o r r e c t i o n  does n o t  change 
l i n e a r l y  wi th  d i s t a n c e .  The monitor ing s i tes  were so f a r  a p a r t  t h e  contours  were 
s u b j e c t  t o  cons iderable  i n t e r p o l a t i o n  e r r o r .  

I f  t h e r e  are no o t h e r  e r r o r s  i n  t h e  system, the accuracy should d e t e r i o r a t e  wi th  
d i s t a n c e  away from t h e  GMR s i tes .  A p l o t  of the m i s s  d i s t a n c e s  vs .  d i s t a n c e  from t h e  

n e a r e s t  GMR s i te  ( f i g .  5.23) shows a d e f i n i t e  t r end  of t h a t  na tu re .  The s c a t t e r i n g  
of t h e  p o i n t s  r e s u l t s  from both  random and sys t ema t i c  e r r o r s .  The average m i s s  d i s -  
t ance  i n  f l y i n g  over  t h e  GMR a t  Dayton, Tennessee, sugges t s  t h a t  about  one t h i r d  of t h e  

average m i s s  d i s t a n c e  i n  these  f l i g h t s  w a s  random. 

W i t h  so few p o i n t s  and so much s c a t t e r i n g ,  t h e  s t r a i g h t  l i n e  i n  f i q u r e  5.23 i s  
only  a rough e s t i m a t e  of t he  rate a t  which t h e  p r e d i c t a b l e  accuracy d e t e r i o r a t e s  wi th  
d i s t a n c e  away from a monitor ing o r  c a l i b r a t i o n  s i te .  The impor tan t  p o i n t  i l l u s t r a t e d  
i s  t h a t  over  l and ,  the sys t ema t i c  e r r o r s  are major problem and t o  determine a c c u r a t e  
c o r r e c t i o n  contours ,  a very l a r g e  number of c a l i b r a t i o n  p o i n t s  must be used. 
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F i g u r e  5 .21 .  S i m u l a t e d  bombing r u n s .  The  u n a d j u s t e d  
p r e d i c t i o n  shows t h e  e r r o r  t h a t  would  have  
b e e n  made w i t h o u t  u s i n g  t h e  c o r r e c t i o n  
c o n t o u r s .  

F i g u r e  5 .22 .  S i m u l a t e d  bombing r u n s .  The u n a d j u s t e d  
p r e d i c t i o n  shows t h e  e r r o r  t h a t  would  have  
b e e n  made w i t h o u t  u s i n g  t h e  c o r r e c t i o n  
c o n t o u r s .  

58 



DISTANCE FROM NEAREST GMR SITE IN MILES 
Figure  5 . 2 3 .  A p l o t  of t h e  m i s s  d i s t a n c e s  u s .  d i s t a n c e  

f rom t h e  n e a r e s t  GMR s i t e .  

5 .3  R a t e  of Change of Sys temat ic  Errors 

The a i r b o r n e  r e c e i v e r  and t w o  GMR's w e r e  used t o  i n v e s t i g a t e  t h e  space  ra te  of change 
of t h e  s y s t e m a t i c  errors. To f a c i l i t a t e  t h e s e  tes ts ,  t h e  hype rbo l i c  g r i d  w a s  p l o t t e d  on 
topographic  maps (scale 1:24,000) of t h e  reg ion  where measurements were planned. P o s i t i o n s  

could  be s c a l e d  t o  an accuracy of about 50 f t ,  which w a s  adequate i n  view of t h e  random 
errors i n  t h e  f i x e s .  Most of t h e s e  measurements were made i n  s o u t h e a s t e r n  Tennessee and 

wes tern  North Caro l ina  where t h e  l a r g e s t  s y s t e m a t i c  c o r r e c t i o n s  were found. The area i s  
shown i n  f i g u r e  5.24. 

I n  table 5.11, t h e  s i tes  are i d e n t i f i e d  only  by t h e  topographic  map where they  

w e r e  l oca t ed .  I t  would have been d e s i r a b l e  t o  choose s i tes  a lona  a s t r a i g h t  l i n e  t o  
p l o t  t h e  error o r  c o r r e c t i o n  as a f u n c t i o n  of d i s t a n c e ,  b u t  t h a t  w a s  n o t  p o s s i b l e  due 
t o  t h e  lack  of roads  and t h e  nuisance  of overhead wires. I n  a l l  b u t  one i n s t a n c e ,  t w o  
o r  more s i tes  w e r e  found i n  t h e  a r e a  covered by each map. To a r r i v e  a t  a c o r r e c t i o n  
t h a t  would be as r e p r e s e n t a t i v e  as p o s s i b l e  f o r  each area, t h e  observed va lues  a t  c l o s e l y  
spaced s i tes  w e r e  averaged. 

The c o r r e c t i o n s  measured by f l y i n g  ove r  t h e  area are p l o t t e d  i n  f i g u r e  5.25. The 
average va lues  f o r  t h e  Goodfield,  R i c e v i l l e  and Athens quadrangles  are also p l o t t e d  f o r  
comparison. The t w o  sets of  measurements do n o t  d i f f e r  g r o s s l y  b u t  they  also do n o t  
show t h e  c l o s e  agreement found i n  f l y i n g  d i r e c t l y  over t h e  GMR. S ince  phase coding w a s  
used i n  t h e s e  l a te r  tes t s ,  multiple-hop .skywave i n t e r f e r e n c e  can be r u l e d  o u t .  However, 
coding-delay changes could  have occurred  du r ing  t h e  course  of t h e  measurements. I t  i s  

most probable  t h a t  t h e  d i f f e r e n c e s  simply i n d i c a t e  a r a p i d  change i n  t h e  c o r r e c t i o n  wi th  

d i s t a n c e .  
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T a b l e  5 . 1 1 .  S i t e  L o c a t i o n s  f o r  C a l i b r a t i n g  F l i g h t s .  

Topoqraphic Map No. of S i t e s  Average Cor rec t ion  

Evensv i l l e  
Decatur 
Goodfield 
Ricevi l le  
Athens 
Etowah 
Benton 
Oswald s Dome 
P a r k s v i l l e  
Caney Creek 
Persimmon C r e e k  

7 
3 
2 
3 
6 
3 
2 
2 
2 
1 
8 

0 .oo 
-0.20 
-0.20 
+O . 40  
+O. 40 
-0.05 
-0.16 
+O .05 
-0 .10 
0.00 ---- 

+1.50 
+1 .40  
+1.35 
+1.20 
+1.50 
+1.05 
+1.13 
+1.25 
+1.55 
+1.50 
-2.32 

F i g u r e  5 . 2 4 .  Area  where  s y s t e m a t i c  c o r r e c t i o n s  were  s t u d i e d .  

S i m i l a r  measurements w e r e  made nea r  Bryson C i t y ,  North Caro l ina ,  where t h e  t e r r a i n  

was e s p e c i a l l y  rough. Two f l i g h t s  w e r e  made over  t h e  a r e a  whi le  two GMR's were used t o  
exp lo re  t h e  n a t u r e  of the c o r r e c t i o n s  on the ground. The r e s u l t s  w e r e  q u i t e  s i m i l a r  t o  
those  desc r ibed  above excep t  t h e  rate of c o r r e c t i o n a l  change w a s  g r e a t e r .  The d a t a  a r e  
p re sen ted  g r a p h i c a l l y  i n  f i g u r e s  5.26 through 5.29. I n  f i g u r e s  5.26 and 5.27, t h e  g r i d  
l i n e s  are spaced a t  1-usec i n t e r v a l s  i n  both  SI and S2 t i m e  d i f f e r e n c e s .  

When t h e  r e s u l t s  of t h e s e  f l i g h t s  are compared wi th  those  of f l i g h t s  a c r o s s  shore-  
l i n e s ,  t h e r e  i s  a s t r o n g  i m p l i c a t i o n  t h a t  t h e  r a p i d  changes i n  t h e  c o r r e c t i o n s  may be 

r e l a t e d  t o  t h e  roughness of the t e r r a i n .  The f l i g h t s  over  t h e  s h o r e l i n e s  were g e n e r a l l y  
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OCTOBER 2,1965 

AVE. SURFACE ELEV. = 9OOFT. 
v) AVE. BAR. ALTITUDE = 8700FT. e 

F i g u r e  5 . 2 5 .  A i r b o r n e  and ground measurements  of s y s t e m a t i c  c o r r e c t i o n s .  

GROUND MEASUREMENTS 
1 I I I I 

i n  the a reas  of smooth t r a n s i t i o n s  t o  sandy beaches. 
over  land-sea boundaries  wi th  ab rup t  t r a n s i t i o n s  have shown e f f e c t s  s i m i l a r  t o  t h e  i r r e g -  
u l a r  t e r r a i n  e f f e c t s .  
t i v i t y  changes, t h e  abruptness  of t he  change may be more s i g n i f i c a n t  than t h e  t o t a l  
amount of t h e  change. 

r e f l e c t i o n s  or d i f f r a c t i n g  e f f e c t s ,  may account  f o r  t h e  phase changes over  rough ter-  
r a i n  and ab rup t ly  changing s e a c o a s t s .  

Subsequent f l i g h t s  

These r e s u l t s  would sugges t  that i f  t h e  e f f e c t  i s  due t o  conduc- 

On t h e  o t h e r  hand, something o t h e r  than  c o n d u c t i v i t y ,  such as 

F i g u r e  5 . 2 6 .  A i r b o r n e  measurements  o f  s y s t e m a t i c  e r r o r s .  
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F i g u r e  5 . 2 7 .  Measured s y s t e m a t i c  erx 'ors  

PICTURE NUMBER 

F i g u r e  5 . 2 8 .  A i r b o r n e  measurements  
of s y s t e m a t i c  c o r r e c -  
t i o n s .  

Dashed c u r v e s  - f l y i n g  e a s t .  
S o l i d  c u r v e s  - f l y i n g  w e s t .  
( S e e  f i g .  5 . 2 6  for l o c a t i o n s . )  

POSITION NUMBER 

F i g u r e  5 . 2 9 .  A d d i t i o n a l  s y s t e m a t i c  
c o r r e c t i o n  measurements  
n e a r  B r y s o n  C i t y ,  
N o r t h  C a r o l i n a .  

While t h e s e  phase changes are sys t ema t i c  i n  n a t u r e ,  i . e . ,  non-time va ry ing ,  they  do 
n o t  appear  t o  have any recognizable  p a t t e r n  o r  t r e n d .  
it would be exceedingly  d i f f i c u l t  t o  determine p r e c i s e  contours  of cons t an t  c o r r e c t i o n  
over  such t e r r a i n  un le s s  a p r e d i c t i o n  theory  f o r  t h e  e f f e c t s  could be implemented. 

Thei r  rate of change i s  so g r e a t  
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5 . 4  Local ized  Phase Errors 

I t  w a s  known g e n e r a l l y  t h a t  overhead w i r e s  and perhaps trees and o t h e r  o b j e c t s  would 
d i s t u r b  t h e  phase r ead ings .  T o  have confidence t h a t  t h e  measurements made a t  t h e  v a r i o u s  

moni tor ing  s i tes  were n o t  subject t o  errors of t h a t  s o r t ,  l o c a l i z e d  e f f e c t s  were i n v e s t i -  
ga ted .  

While i n  t h e  R i c e v i l l e ,  Tennessee , area,  a s e c t i o n  of U.S. Highway 11 was found 
s u i t a b l e  f o r  t h e s e  measurements. Th i s  s e c t i o n  w a s  3 .2  m i l e s  i n  l enq th  and reasonablv  
s t r a i g h t  so t h e  van could be ope ra t ed  f o r  moni tor ing  purposes on t h e  highway wi thou t  
c r e a t i n g  an undue t r a f f i c  hazard .  
t w o  t h i r d s  of t h e  d i s t a n c e ,  and a t  one p o i n t ,  a power l i n e  w a s  on ly  a few ya rds  away. 

Telephone l i n e s  r a n  p a r a l l e l  t o  t h e  highway f o r  about 

Measurements w e r e  made a t  t h r e e  c l e a r  s i tes i n  t h e  immediate r eg ion  t o  de te rmine  t h e  
s y s t e m a t i c  c o r r e c t i o n s .  
i n t e r v a l s .  The van l o c a t i o n s  and t h e  cor responding  f i x e s  are p l o t t e d  i n  f i g u r e  5 . 3 0 .  

The te lephone  l i n e s  were only  a few ya rds  from t h e  highway between l o c a t i o n s  1 and 2 1 .  

From l o c a t i o n  2 2  on,  t h e  l i n e s  w e r e  s e t  back an e s t ima ted  65 ya rds  or more. At l o c a t i o n  
26, a powerline te rmina ted  a t  t h e  highway right-of-way. 

Mobile measurements were made a long  t h e  highway a t  0 . 1 - m i l e  

I t  i s  e v i d e n t  t h a t  100-kHz s t a n d i n g  waves w e r e  induced i n  t h e  te lephone  l i n e s .  The i r  
i n f l u e n c e  on t h e  r e c e i v e r ,  however, w a s  q u i t e  l o c a l i z e d  as shown by t h e  d isappearance  of 
t h e  d i s tu rbance  a t  l o c a t i o n s  beyond 2 1 .  The powerline i n  t h i s  case d i d  n o t  seem t o  a f f e c t  
t h e  r ead ings .  

F i g u r e  5. 3 0 .  Measurements  a l o n g  U . S .  Highway 1 1 ,  
n e a r  R i c e v i l l e ,  T e n n e s s e e .  
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I 6 I1 16 21 26 31 

TENTHS OF MILES 

Figure 5.31. Time-difference errors 
from fig. 5.30. 

The d i f f e r e n c e  between t h e  observed and computed t i m e  d i f f e r e n c e s  i s  p l o t t e d  i n  
f i g u r e  5.31. 

Why only  one r ead ing  should  have been a f f e c t e d  i s  n o t  e n t i r e l y  clear. 
Most of t h e  d i s tu rbance  w a s  a s s o c i a t e d  wi th  t h e  S2 ( F o r e s t p o r t )  p a i r  on ly .  

I n  o t h e r  similar measurements i n  t h e  area, it w a s  found t h a t  t h e  readings  were 
a f f e c t e d  by l a r g e  trees i n  t h e  immediate v i c i n i t y  of t h e  r e c e i v e r  and by s u r f a c e  f e a t u r e s  
i n  t h e  t e r r a i n  such as c u t s  and excavat ions  a s s o c i a t e d  w i t h  highway cons t ruc t ion .  All 
these e f f e c t s ,  however, w e r e  h igh ly  l o c a l i z e d .  The o r i g i n a l  c r i t e r i o n  of a 100-yard 
s e p a r a t i o n  between r e c e i v e r  and the n e a r e s t  overhead w i r e s  or o t h e r  o b j e c t s  w a s  e v i d e n t l y  

adequate .  

5.5 Ins t rumen ta t ion  E r r o r s  

Mult iple-hop skywave i n t e r f e r e n c e  may be t r e a t e d  as an in s t rumen ta t ion  e r r o r  i n  t h e  
sense  t h a t  it can be removed by proper  in s t rumen ta t ion ,  i . e . ,  by t h e  use  of phase coding.  
An example of t h e  t ime-di f fe rence  readings  wi th  and wi thout  phase coding i s  shown i n  
f i g u r e  5.32. As might be expec ted ,  t h e  i n t e r f e r e n c e  w a s  g r e a t e s t  a t  n i g h t ,  b u t  no te  a l s o  
t h a t  t h e  mean daytime readings  wi th  and wi thout  phase coding w e r e  d i f f e r e n t .  These 
changes could have been due t o  skywave i n t e r f e r e n c e ,  changes i n  coding de lay ,  s easona l  
changes between December 1954 and September 1955, o r  any combination. I f  s imultaneous 
base l ine-extens ion  measurements had been made, t h e  reason f o r  the changes could be  more 
d e f i n i t e l y  e s t a b l i s h e d .  

During t h e  t i m e  t h a t  phase coding w a s  used,  s o m e  changes i n  t h e  S I  coding de lay  w e r e  
found. I t  would be a good guess  that s i m i l a r  changes occurred  a t  o t h e r  t i m e s  a l s o .  The 
SI changes were i s o l a t e d  by comparing s imultaneous GMR readings  a t  Rena Lara, M i s s i s s i p p i ,  
Clark ton ,  North Caro l ina ,  Oak Ridge and Dayton, Tennessee. These readings  w e r e  taken 
du r ing  t h e  pe r iod  September 1 t o  13 ,  1955. The t r a n s m i t t e r s  w e r e  n o t  on a cont inuous 
schedule  , a d ,  f o r  a v a r i e t y  of reasons I t h e  GMR's  were n o t  a l l  o p e r a t i n g  all the t i m e .  
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Severa l  s h o r t  pe r iods  t o t a l i n g  only 13 .1  hours  of  s imultaneous readings  d i d  occur. 
readings  from these  pe r iods  w e r e  p l o t t e d  i n  ch rono log ica l  o r d e r  w i thou t  breaks  i n  t h e  

t i m e  scale t o  i n d i c a t e  t h e  i n t e r r u p t i o n s  i n  t h e  d a t a  (see f i g .  5 . 3 3 ) .  

The 
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A change i n  coding de lay  i s  t h e  only  t h i n g  t h a t  could  l o g i c a l l y  cause  a l l  t h e  read- 
i n g s  t o  change v i r t u a l l y  t h e  same amount s imul taneous ly .  The s m a l l  amount by which t h e  
p l o t s  d i f f e r  was probably due t o  n o i s e  and s l i g h t l y  d i f f e r e n t  s e r v o  t i m e  c o n s t a n t s  i n  
t h e  GMR's o r  v a r i a t i o n s  wi th  meteoro logica l  cond i t ions .  

A l i m i t e d  number of f l i g h t  tests were made wi th  t h e  bombing computer; however, 
"bugs" t h a t  are normally a s s o c i a t e d  wi th  i n i t i a l  t e s t i n g  of new equipment i n t e r f e r e d  
cons ide rab ly  wi th  t h e  r e s u l t s .  There w e r e  good i n d i c a t i o n s  t h a t  t h e  nav iga t ion  system 
and t h e  computer could  be made t o  work t o g e t h e r  as p l a n n e d ,  b u t  t h e  a c t u a l  d a t a  obta ined  
w e r e  n o t  e s p e c i a l l y  s i g n i f i c a n t .  

5.6 Temporal V a r i a t i o n s  

A number of observed phase changes have been a t t r i b u t e d  t o  va r ious  weather  phenomena 
presumably r e l a t i n g  t o  changes i n  t h e  index  of a tmospheric  r e f r a c t i o n .  I n  a number of 
i n s t a n c e s  , t h e r e  has  appeared t o  be c o r r e l a t i o n  and t h a t  p o s s i b i l i t y  should  be cons idered .  
The au tho r  a l s o  recalls t h a t  i n  some i n s t a n c e s  t h e  round- t r ip  phase measurements showed 
remarkable c o r r e l a t i o n  wi th  l o c a l  r a i n f a l l  a t  t h e  s l a v e  t r a n s m i t t e r s .  

F igu res  5.34, 5.35, and 5.36 show phase v a r i a t i o n s  whose causes  w e r e  c e r t a i n l y  
r a t h e r  m u l t i f o l d  i n  n a t u r e .  I t  i s  q u i t e  probable  t h a t  mult ihop skywave i n t e r f e r e n c e  w a s  
a s i g n i f i c a n t  c o n t r i b u t i o n  t o  t h e  d i u r n a l  v a r i a t i o n  found i n  f i g u r e  5.34, b u t  t h e  long- 
term v a r i a t i o n s  i n  f i g u r e s  5.35 and 5.36 i nc lude  v i r t u a l l y  a l l  t h e  in s t rumen ta t ion  e r r o r s  
a s  w e l l  as any long-term o r  s easona l  propagat ion  e f f e c t s .  A l l  t h a t  can be concluded 
s a f e l y  he re  i s  t h a t  t h e  Cytac d a t a  do n o t  c l e a r l y  r e v e a l  i d e n t i f i a b l e  a tmospheric  e f f e c t s .  
T h i s ,  however, does n o t  mean t h a t  such e f f e c t s  w e r e  n o t  p r e s e n t  b u t  s imply t h a t  they  w e r e  
masked by o t h e r  u n r e l a t e d  phase changes. 

Theory i n d i c a t e s  t h a t  t h e  e f f e c t  of t h e  r e f r a c t i v e  index  on t h e  low-frequency propa- 
g a t i o n  i s  two-fold. An i n c r e a s e  i n  s u r f a c e  r e f r a c t i v e  index  w i l l  i n c r e a s e  t h e  propaga- 
t i o n  t i m e  of t h e  LF s i g n a l s .  However, an i n c r e a s e  i n  s u r f a c e  r e f r a c t i v e  index  w i l l  a l s o  

increase t h e  l a p s e  r a t e  (rate of dec rease  i n  r e f r a c t i v e  index  wi th  h e i g h t )  and t h i s  w i l l  
t end  t o  dec rease  t h e  propagat ion  t i m e  of t h e  LF s i g n a l .  
t h e  e f f e c t s  could be r e l a t e d  t o  t h e  f a c t  t h a t  a s u r f a c e  r e f r a c t i v e  index  change does n o t  
a f f e c t  t h e  s i g n a l  ampl i tude ,  b u t  a change i n  l a p s e  rate does a f f e c t  t h e  ampli tude of t h e  
s i g n a l  One i n s t a n c e  where t h e  groundwave t h e o r y ,  as worked ou t  by J o h l e r ,  Kel lar ,  and 
Wal te rs  (1956) ,  may re la te  t o  t h e  temporal  e f f e c t s  is: t h e  change i n  phase p r e d i c t e d  
f o r  a g iven  change i n  l a p s e  rate i s  g r e a t e r  f o r  a low-conduct ivi ty  pa th  than  f o r  a 
h igh-conduct iv i ty  pa th .  

A p o s s i b l e  means f o r  r e s o l v i n g  

It appears  t h a t  a tmospheric  e f f e c t s  may indeed be q u i t e  s i g n i f i c a n t  i n  l i m i t i n g  
t h e  u l t i m a t e  range and accuracy of t h e  system. I f  it should  be found t h a t  t h e  l e a d i n g  
edge of t h e  groundwave p u l s e  s u f f e r s  d i s p e r s i o n  due t o  t h e  atmosphere, then  t h e  tech-  

nique f o r  marking a p o i n t  i n  t i m e  on t h e  p u l s e  would y i e l d  degraded accuracy.  
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Eastern Standard Time 

F i g u r e  5 . 3 4 .  Running  a v e r a g e  o f  CZark ton ,  N o r t h  C a r o l i n a  
S 2  t i m e  d i f f e r e n c e ,  November 30 t o  December 1 ,  1954.  

I 1954 1 1955 

F i g u r e  5 .35 .  S l  and S 2  a v e r a g e  c y c l e  r e a d i n g s  
a t  CZarksdaZe ,  M i s s i s s i p p i  ( R e n a ) .  
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F i g u r e  5 . 3 6 .  SI and S 2  d a i l y  a v e r a g e  c y c l e  r e a d i n g s  
a t  C l a r k t o n ,  N o r t h  C a r o l i n a  ( R o d g e r s ) .  

5.7 Skywaves 

The Cytac system was des igned  t o  o p e r a t e  w i t h i n  t h e  range of groundwave r e c e p t i o n  
and on groundwaves only .  Neve r the l e s s ,  skywave s i g n a l s  were of cons ide rab le  i n t e r e s t ,  
e s p e c i a l l y  a f t e r  it w a s  d i scovered  t h a t  t h e  mult iple-hop r e f l e c t i o n s  had degraded so 
much of t h e  d a t a .  A l i m i t e d  amount of t i m e  w a s  devoted t o  skywave obse rva t ions  wi th  
t h e  hope t h a t  t h e  skywave i n t e r f e r e n c e  problem might be b e t t e r  understood.  

I n  t h e s e  obse rva t ions ,  t h e  f i r s t  through t h e  seventh  hop r e f l e c t i o n s  were i d e n t i -  
f i e d  i n  t h e  1200-us i n t e r v a l  between t h e  p u l s e s .  However, a l l  t h e  hops w e r e  n o t  always 
d e t e c t a b l e  a t  any one s i te .  
r e l a t e d  t o  t h e  r e c e i v i n g  s i t e  o r  propagat ion  p a t h .  

Contrary t o  e x p e c t a t i o n s ,  it w a s  found t h a t  t h e  ampli tude of t h e  h i g h e r  o r d e r  re- 
f l e c t i o n s  d i d  n o t  dec rease  i n  an o r d e r l y  manner. I n  some cases, t h e  l a te r  r e f l e c t i o n s  
w e r e  a c t u a l l y  s t r o n g e r  than  some of t h e  preceding  ones.  

The presence  o r  absence of a p a r t i c u l a r  hop seemed t o  be  

The daytime r e f l e c t i o n s  w e r e  g e n e r a l l y  d i s t i n c t  and s t a b l e ,  whereas ,  a t  n i g h t  t h e  
r e f l e c t i o n s  tended t o  merge and w e r e  much less s t a b l e .  Daytime skywave measurements 
made a t  Spr ing  Creek, North Caro l ina ,  Woodstock, Kentucky, and a t  two s i tes  n e a r  
Boulder, Colorado, are summarized i n  t a b l e  5.12. As an i n t e r e s t i n g  e x e r c i s e ,  t h e  v i r -  
t u a l  h e i g h t  of t h e  r e f l e c t i n g  l a y e r  w a s  c a l c u l a t e d  us ing  t h e  measured de lays .  Simple 
r ay  pa ths  and s p e c u l a r  r e f l e c t i o n s  were assumed. The range of daytime v i r t u a l  h e i g h t s  
(63.6 t o  7 8 . 8  km) c a l c u l a t e d  i n  t h i s  way does n o t  appear  t o  be r e a l i s t i c .  The u s u a l  
s t a b i l i t y  of t h e  f i r s t - h o p  skywave sugges t s  t h a t  t h e  a c t u a l  r e f l e c t i o n  h e i g h t  i s  more 
n e a r l y  cons t an t  t han  t h e s e  va lues  i n d i c a t e .  
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T a b l e  5 . 1 2 .  Daytime skywave  measuremen t s .  

WOODSTOCK, KENTUCKY 
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65.0 

65.5 

63.6 

69.5 

71.8 

71. 7 

69.6 

68.0 

64.0 

74.2 

74.0 

74.0 

* 
78.8 

78.3 

<< 

77.4 

77.5 

* 

A t  t h e  t i m e  t h e  obse rva t ions  and c a l c u l a t i o n s  w e r e  made, l i t t l e  thought  w a s  g iven  
t o  t h e  d i s p e r s i o n  t h e  p u l s e  might s u f f e r  i n  t h e  r e f l e c t i o n  p rocess  and it w a s  t aken  f o r  
g ran ted  t h e  de l ay  r ead ings  were c o r r e c t .  I t  i s  q u i t e  probable  t h e  p u l s e s  were so  d i s -  
t o r t e d  a f t e r  m u l t i p l e  r e f l e c t i o n s  t h a t  t h e  de l ay  measurements w e r e  i n  e r r o r  by one or 
more c y c l e s .  A f u r t h e r  c o n s i d e r a t i o n  i s  t h a t  t h e  ang le  of inc idence  a t  which t h e  wave 
impinges upon t h e  ionosphere  i s  a f a c t o r  .in t h e  r e f l e c t i o n  p rocess .  I n  r e t r o s p e c t ,  t h e  

v a r i a t i o n  i n  v i r t u a l  h e i g h t  c a l c u l a t e d  by such an o v e r s i m p l i f i e d  method i s  n o t  s u r p r i s -  
i ng .  

A t t e n t i o n  i s  c a l l e d  t o  t h e  Boulder d a t a  ( t a b l e  5 . 1 2 ) ,  where,  a t  one s i t e ,  t h e  S2 

fourth-hop skywave w a s  mi s s ing ,  b u t  w a s  p r e s e n t  a t  ano the r  s i t e  only  1 0  m i l e s  d i s t a n t .  
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Conversely,  t h e  S2 s i x t h  hop w a s  p r e s e n t  a t  t h e  f i r s t  s i t e  b u t  w a s  miss ing  a t  t h e  o t h e r .  

S i m i l a r  behavior  of t h e  h ighe r  o r d e r  skywave r e f l e c t i o n s  w a s  no ted  ear l ier  i n  t h e  
Woodstock, Kentucky area. Ev iden t ly ,  t h e  propagat ion  of some of t h e  h i g h e r  o r d e r  hops 
i s  n o t  suppor ted  over  c e r t a i n  pa ths .  The reasons  f o r  t h i s  are n o t  understood.  I n v e s t i -  
g a t i o n  of t h e  phenomenon might be a worthwhile  r e sea rch  e f f o r t .  

Measurements w e r e  made a t  Boulder ,  Co lo rado ,  f o r  1 month d u r i n s  t h e  lat ter part of 
September and t h e  f i r s t  p a r t  of October ,  1955.  I t  w a s  p o s s i b l e  t o  r e c e i v e  t h e  ground- 
wave from t h e  S1 s l a v e  (Carabelle, F l o r i d a )  on ly .  
on t h e  S1 groundwave and t h e  f i r s t - h o p e  skywave from t h e  m a s t e r ,  t h e  v a r i a t i o n s  i n  t h e  

skywave could  be measured d i r e c t l y .  

When t h e  r e c e i v e r  w a s  synchronized 

The t r a n s m i t t e r s  were o p e r a t i n g  on a s i n g l e  s h i f t ,  d a y l i g h t  schedule  a t  t h a t  t i m e ,  
b u t  on t w o  occas ions  it was p o s s i b l e  t o  change t h e  schedule  t o  i n c l u d e  s u n s e t .  As 
s u n s e t  approached,  bo th  t h e  cyc le  and envelope r ead ings  changed g r e a t l y ,  b u t  by d i f f e r -  
e n t  amounts i n d i c a t i n g  a s u b s t a n t i a l  amount of d i s p e r s i o n  of t h e  skywave s i g n a l  (see 
f i g .  5 . 3 7 ) .  The o t h e r  r ead ings  du r ing  s u n s e t  w e r e  very  s i m i l a r .  

During t h e  day ,  t h e  phase of t h e  f i r s t - h o p  skywave w a s  q u i t e  s t a b l e .  The d e v i a t i o n  
from t h e  mean was seldom g r e a t e r  t han  5 0 . 2 5  usec and never  g r e a t e r  t han  5 0.5 psec. 

The envelope readings  were much more v a r i a b l e ,  b u t  t h e r e  was no appa ren t  d i f f i c u l t y  i n  
o b t a i n i n g  unambiguous r ead ings .  The observed s t a b i l i t y  of t h e  daytime skywave c l e a r l y  

sugges ted  t h e  p o s s i b i l i t y  of u s ing  it a t  d i s t a n c e s  beyond groundwave range ,  b u t  t h a t  
w a s  o u t s i d e  t h e  scope of t h e  tests so t h e  matter w a s  n o t  explored .  I n  one other 
i n s t a n c e ,  s i m i l a r  skywave s t a b i l i t y  was noted  a t  a s i t e  i n  extreme sou the rn  Louis iana .  
The s i t e  w a s  i n a d v e r t a n t l y  chosen beyond t h e  groundwave range  of t h e  F o r e s t p o r t  
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F i g u r e  5 . 3 7 .  F i r s t - h o p  skywave  m e a s u r e m e n t s ,  C a r o l i n a  Beach  t o  B o u l d e r .  
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t r a n s m i t t e r .  Few d a t a  were taken ,  however, and another  s i t e  was chosen where t h e  

groundwave s i g n a l  could be r ece ived .  

5.8 Conclusions 

The most s i g n i f i c a n t  r e s u l t s  of t h e  test program were: 

(1) The low-frequency groundwave was found t o  be s u f f i c i e n t l y  phase stable and 
nondispers ive  t h a t  an envelope measurement could be used t o  i d e n t i f y  t h e  
c o r r e c t  cyc le .  

( 2 )  The in s t rumen ta t ion  techniques  used i n  the  system were both e f f e c t i v e  and 

p r a c t i c a l  f o r  s e p a r a t i n g  t h e  groundwave from the  skywave. 

( 3 )  The o b j e c t i v e  of achiev ing  1000-f t  accuracy a t  1 0 0 0  m i l e s  was accomplished i n  
t h e  ground-monitoring tes ts .  I n  the  f l i g h t  tes ts ,  however, t h e  maximum range 
at tempted was only  about  850 m i l e s .  The a u t o p i l o t  coupler  d i d  n o t  have op- 
timum smoothing c h a r a c t e r i s t i c s  and could no t  be used f o r  au tomat ic  guidance 
un le s s  a f avorab le  s igna l - to -no i se  r a t i o  p reva i l ed .  An improved coupler  
des ign  could have extended the  range , and g r e a t e r  t r a n s m i t t e r  power could have 

inc reased  the  range s t i l l  f u r t h e r .  I n  view of t h e  average m i s s  d i s t a n c e  of 
6 4 3  f t  whi le  f l y i n g  over  t h e  t a r g e t  s i t es ,  t h e r e  was no ques t ion  t h a t  bo th  
range and accuracy requirements  could be m e t  o r  exceeded i f  sys t ema t i c  cor-  

r e c t i o n s  w e r e  a v a i l a b l e .  

From an o p e r a t i o n a l  s t a n d p o i n t ,  ob ta in ing  t h e  sys t ema t i c  c o r r e c t i o n s  would p r e s e n t  
problems because reconnaissance over  enemy t e r r i t o r y  would be r equ i r ed .  Mountainous 
t e r r a i n  would make t h e  problem s t i l l  m o r e  d i f f i c u l t  due t o  the r a p i d  rate of change of 
t he  c o r r e c t i o n s .  To i n s u r e  1000-f t  accuracy,  reconnaissance  over  t h e  t a r g e t  area would 
be  r equ i r ed  i n  r eg ions  similar t o  western North Caro l ina .  On t h e  o t h e r  hand, i f  t h e  

system were used f o r  peacet ime n a v i g a t i o n ,  t h e  sys t ema t i c  c o r r e c t i o n s  could be mea- 
sured  wi thout  s e r i o u s  d i f f i c u l t y .  

Although it was e n t i r e l y  o u t s i d e  t h e  scope of t he  Cytac program, t h e  p o s s i b i l i t y  
of us ing  t h e  system t o  d i s t r i b u t e  p r e c i s e  t i m e  w a s  fo re seen .  To synchronize t h e  t r a n s -  
missions wi th  a master clock would, i n  no way, i n t e r f e r e  wi th  t h e  nav iga t ion  func t ion  of 
t h e  system. Other c locks  could  be opera ted  i n  conjunct ion  wi th  r e c e i v e r s  and could be 
set i n  accordance wi th  t h e  t ransmiss ion  t i m e  from the t r a n s m i t t e r s  t o  t h e  r e c e i v e r s .  
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6 .  LORAN-C -- AN OPERATIONAL SYSTEM 

I n  1957, an o p e r a t i o n a l  requirement  of t h e  U.S. Navy demanded a long-range,  high-  
accuracy rad io-naviga t ion  system. The r e s u l t s  of t h e  Cytac tests 2 yea r s  earl ier showed 
conc lus ive ly  t h a t  t h e  nav iga t ion  p o r t i o n  of t h a t  system would s a t i s f y  t h e  new requ i r e -  
ments. 

Naviga t iona l  coverage i n  t h e  A t l a n t i c  and o t h e r  a r e a s  was needed ,  and there was Con- 
s i d e r a b l e  urgency t o  p u t  t h e  s i g n a l s  on t h e  a i r  a s  soon as p o s s i b l e .  I t  w a s  dec ided ,  
t h e r e f o r e ,  t o  u se ,  on an i n t e r i m  b a s i s ,  t h e  developmental  Cytac t r a n s m i t t e r s  which had 
been b u i l t  du r ing  1953 and 1954. The t r a n s m i t t e r  l o c a t i o n s  used i n  t h e  Cytac t es t s ,  
however, provided only  secondary coverage over  t h e  ocean. 

coverage,  and t o  provide  s e a  water pa ths  f o r  t h e  b a s e l i n e s ,  it was necessary  t o  move 
t h e  s l a v e  s t a t i o n s  t o  t h e  A t l a n t i c  Coast .  S i t e s  a t  J u p i t e r  I n l e t ,  F l o r i d a ,  and Martha 's  
Vineyard, Massachuse t t s ,  w e r e  s e l e c t e d .  The master s t a t i o n  was l e f t  i n  t h e  same l o c a t i o n  

n e a r  Caro l ina  Beach, North Caro l ina .  It may be noted t h a t  t h i s  s t a t i o n  conf igu ra t ion  
w a s  very  similar t o  t h a t  used i n  1945 f o r  t h e  f i r s t  LF-Loran tes ts .  

To have more n e a r l y  optimum 

I n  view of t h e  Coast  Guard 's  long exper ience  i n  l o r a n  o p e r a t i o n ,  it w a s  on ly  
n a t u r a l  t h a t  t h i s  system should be ope ra t ed  by t h e  Coast  Guard a l s o .  Even though t h e  
system development bore  t h e  name, Cytac,  it w a s  fundamental ly  a lo ran- type  system. A t  

t h e  same t i m e ,  t h e  Coast Guard w a s  a l s o  deve loping  a c l a s s i f i e d  ve r s ion  of s t anda rd  
l o r a n .  T o  more s y s t e m a t i c a l l y  i d e n t i f y  t h e s e  sys tems,  t h e  des igna t ions  of Loran-A, 
Loran-B, and Loran-C w e r e  adopted f o r  s t anda rd  l o r a n ,  i t s  c l a s s i f i e d  v e r s i o n  and Cytac,  
r e s p e c t i v e l y .  

A t  t h e  t i m e  Cytac o r  Loran-C was be ing  conver ted  t o  an o p e r a t i o n a l  system, it was 
d e c l a s s i f i e d  and a few s i m p l i f y i n g  t e c h n i c a l  changes were made. The r a t h e r  complicated 
phase code used i n  t h e  developmental system w a s  chanqed t o  a sequence of 0 and 180" 
phase s h i f t s .  The p u l s e  spac ing  w i t h i n  a group was changed from 1 2 0 0  t o  1 0 0 0  us, and 
t h e  r e p e t i t i o n  r a t e  f o r  t h e  f i r s t  o r  Eas t  Coast cha in  w a s  made an e x a c t  20  pu l se  groups 
p e r  second t o  be c o n s i s t e n t  wi th  t h e  b a s i c  scheme of l o r a n  r a t e s .  

The new s l a v e  s t a t i o n  l o c a t i o n s  and contemplated a d d i t i o n a l  i n s t a l l a t i o n s  focused 
a t t e n t i o n  on t h e  requirement  f o r  a s t anda rd ized  and p r a c t i c a l  antenna des ign .  The 
opposing cons ide ra t ions  w e r e  t h e  h igh  c o s t  of antennas t a l l  enough (1000-1200 f t )  t o  have 
good r a d i a t i o n  e f f i c i e n c y ,  and t h e  economy of s h o r t e r  antennas t h a t  could r a d i a t e  

enough power t o  provide  a s a t i s f a c t o r y  s i g n a l  i n  t h e  s e r v i c e  a r e a .  I n  t h e  l a t t e r  case ,  
it i s  i m p l i c i t  t h a t  t h e  i n e f f i c i e n c y  of s h o r t  an tennas  would have t o  be compensated i n  
p a r t  by l a r g e r  t r a n s m i t t e r s .  

Comparison of t h e  1200-f t  and 650-f t  an tennas  used i n  t h e  Cytac tes ts  provided t h e  
p r i n c i p a l  b a s i s  f o r  making a choice .  With nominally t h e  same i n p u t  power, t h e  s h o r t e r  
antennas r a d i a t e d  only  about  one f o u r t h  a s  much power as t h e  t a l le r  one,  b u t ,  from a 
p r a c t i c a l  s t a n d p o i n t ,  t h e  weaker s i g n a l s  seemed adequate  f o r  most purposes  and t h e  c o s t  
of t h e  t a l le r  tower was d i f f i c u l t  t o  j u s t i f y .  Guyed, b a s e - i n s u l a t e d ,  top-loaded,  625-f t  
towers  w e r e  s e l e c t e d  as t h e  m o s t  p r a c t i c a l  compromise. The t o p  load ing  c o n s i s t e d  of  2 4  

600-f t  e lements  anchored a t  a r a d i u s  of 850 f t  from t h e  base  of the  antenna.  

F igure  6 . 1  shows t h e  Mar tha ' s  Vineyard s t a t i o n  du r ing  c o n s t r u c t i o n .  F igures  6 . 2  
and 6.3 show t h e  J u p i t e r  s t a t i o n  a f t e r  complet ion.  F igure  6 . 3  i s  a view of t h e  power 
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F i g u r e  6 . 1 .  M a r t h a ' s  V i n e y a r d  S t a t i o n  d u r i n g  c o n s t r u c t i o n .  

F i g u r e  6 . 2  J u p i t e r  S t a t i o n  a f t e r  c o m p l e t i o n .  
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Figure 6.3. Jupiter transmitter ( A N / F P N  15). 

supply and f i n a l  a m p l i f i e r .  
mitters des igna ted  AN.FPN 15.  
Ca rabe l l e ,  F l o r i d a ,  Cytac s l a v e ,  b u t ,  f o r  a number of reasons  which are n o t  e n t i r e l y  
c l e a r ,  t h e  i n i t i a l  ope ra t ion  of t h e  new cha in  w a s  b e s e t  w i th  cons ide rab ly  more t e c h n i c a l  
problems than  w e r e  exper ienced  o r i g i n a l l y .  

The equipment i s  p a r t  of one of t h e  o r i g i n a l  Cytac t r a n s -  

The new i n s t a l l a t i o n s  were nominally t h e  same as t h e  

C a l i b r a t i o n  and ope ra t ion  monitors  were set  up on both  s l a v e  b a s e l i n e  ex tens ions ,  
and a t h i r d  was l o c a t e d  on Bermuda (Dickinson,  1959) .  The monitors  proved t o  be 

q u i t e  va luab le  because phase d r i f t s ,  e s p e c i a l l y  long-term d r i f t s ,  w e r e  a problem. 
q u e n t l y ,  a s l a v e  s t a t i o n  would have an i n d i c a t i o n  of a change-in-coding d e l a y ,  b u t  t h e  
master would have no change. A t  o t h e r  t i m e s ,  t h e  monitors  would no te  a change when 
t h e r e  w a s  no i n d i c a t i o n  a t  t h e  t r a n s m i t t e r s .  Most of t h i s  t ype  of t r o u b l e  w a s  f i n a l l y  
t r a c e d  t o  phase i n s t a b i l i t y  of  t h e  sample of t h e  l o c a l  s i g n a l  t h a t  w a s  f e d  t o  t h e  t r a n s -  
m i t t e r  synchronizers .  The t r a n s m i t t e d  s i g n a l s  were n o t  u n s t a b l e ,  b u t  leakage  of t h e  
l o c a l  s i g n a l  v i a  undes i red  r o u t e s  t o  t h e  synchronizers  r e s u l t e d  i n  phase e r r o r s  and 
f a l s e  r ead ings .  

Fre-  

The r e c e i v i n g  antennas w e r e  l o c a t e d  about  1500 f t  from t h e  t r a n s m i t t i n g  an tennas .  
I n i t i a l l y ,  t h e r e  w a s  cons ide rab le  d i f f i c u l t y  wi th  pickup of t h e  l o c a l  s i g n a l  by t h e  
t r ansmiss ion  l i n e s  from t h e  r e c e i v i n g  an tennas  t o  t h e  synchron ize r s .  Various remedies 

f o r  t h e  problem w e r e  t r i e d .  One w a s  t o  move t h e  r e c e i v i n g  an tenna  t o  t h e  synchron ize r ,  
t hus  e l i m i n a t i n g  t h e  t r ansmiss ion  l i n e .  
r e c e i v i n g  antenna under t h e  top- loading  elements  of t h e  tuned  t r a n s m i t t i n g  an tenna ,  

t h e r e  were e v i d e n t l y  phase s h i f t s  t h a t  could  n o t  be c o n t r o l l e d .  

There w e r e  s t i l l  problems,  however. With t h e  
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A f t e r  s o m e  exper iment ing ,  it w a s  found t h a t  a more stable sample of t h e  l o c a l  s i g -  

n a l  could  be  ob ta ined  by p l a c i n g  a pickup loop  n e a r  t h e  f e e d l i n e  t o  t h e  t r a n s m i t t i n g  
antenna. This  arrangement w a s  an improvement, and, f o r  a w h i l e ,  p ickup loops were used a t  
a l l  t h e  s t a t i o n s .  The s t r a y  p ickup problems w e r e  reasonably  w e l l  s o l v e d ,  however, and 
t h e  o r i g i n a l  an tenna  c o n f i g u r a t i o n  w a s  adopted. 

Ob ta in ing  a stable sample of t h e  loca l  s i g n a l  d i d  n o t  solve a l l  t h e  d r i f t  problems, 
b u t  it d id  b r i n g  enough cons i s t ency  t o  t h e  r ead ings  t o  make t h e  system manageable. The 
o v e r a l l  n a t u r e  of t h e  d i f f i c u l t i e s  wi th  t h e  new i n s t a l l a t i o n s  i s  desc r ibed  r a t h e r  
p o i n t e d l y  by t h e  fo l lowing  quote  from an eng inee r ing  e v a l u a t i o n  r e p o r t  on t h e  system 
by Jansky and B a i l e y ,  I n c .  (Dickinson ,  1959) : 

A g r e a t  d e a l  of good eng inee r ing  p r a c t i c e  i s  r e q u i r e d  i n  o r d e r  t o  o b t a i n  
stable t i m e  d i f f e r e n c e  measurements i n  t h e  immediate v i c i n i t y  of t h e  t r a n s m i t t e r s .  
T h l s  a p p l i e s  t o  t h e  mas ter  as w e l l  as t o  t h e  s l a v e s .  I t  should  be po in ted  o u t  
tnat s a t i s f a c t o r y  moni tor ing  a t  t h e  slaves and a t  t h e  mas ter  does n o t  r e q u i r e  
a b s o l u t e  accuracy b u t  does r e q u i r e  s t a b i l i t y .  I f  t i m e  d i f f e r e n c e  measurements 
are stable and dependable,  t h e  q u e s t i o n  of accuracy can be taken  care of  du r ing  
i n i t i a l  system c a l i b r a t i o n .  

I n  a d d i t i o n  t o  p h a s e - d r i f t  problems, component fa i Jures  i n  t h e  t r a n s m i t t i n g  equip- 
ment and inadequate  suppor t ing  f a c i l i t i e s  m a t e r i a l l y  reduced t h e  r e l i a b i l i t y  of  t h e  sys -  
t e m .  A number of  s t a t i s t i c s  d e s c r i b i n g  t h e  ope ra t ion  and t h e  causes  f o r  i n t e r r u p t i o n  
w e r e  compiled by Jansky and Ba i l ey .  Those s ta t i s t ics  are summarized i n  t h e  fo l lowing  
t w o  tables. T a b l e  6 . 1  covers  t h e  p e r i o d  from February 3 t o  Augus t .28 ,  1958, and shows 
t h e  percentage  of  d a t a  recorded  by t h e  Bermuda monitor t h a t  was usab le .  
of u sab le  d a t a  cor responds  ve ry  c l o s e l y  t o  t h e  percentage  of t i m e  i n  which p rope r ly  syn- 
chronized  s i g n a l s  w e r e  t r a n s m i t t e d .  

The percentage  

T a b l e  6 . 1 .  Time and Data P e r c e n t a g e s  - Feb.  3 t o  A u g .  2 8 ,  2 9 5 8  

Percentage  On Percentage  
of  U s a b l e  D a t a  of Days 

10 0 5 .6  

97 2 0  

95 32 
9 0  

85 
80 
6 2  

40 

55 
61 
82 

56 90 
38 95 

Typ ica l  causes  f o r  i n t e r r u p t i o n  are shown i n  tab le  6 . 2 .  The pe r iod  covered i n  t h e  
t a b u l a t i o n  i s  from June 2 t o  J u l y  3 ,  1958. During t h a t  p e r i o d ,  362 i n t e r r u p t i o n s  were 
recorded  i n  t h e  mas te r - s t a t ion  log .  

The f i r s t  f o u r  causes  account  f o r  60.5 p e r c e n t  of t h e  t o t a l  number of i n t e r r u p t i o n s  
and c l e a r l y  r e f l e c t  t h e  need f o r  more r e l i ab le  equipment f o r  o p e r a t i o n a l  u se .  
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Table 6.2. Transmitter Interruptions for 
Period June 2 to J u l y  3, 1958. 

Cause of I n t e r r u p t i o n  Number of Pe rcen t  of 
Occurrences T o t a l  

1. Transmi t t e r  power 
s UPP 1 Y  6 4  1 7 . 7  

2. Phase code e r r o r s  55 1 5 . 2  
3. Div ider  jumps 55 15.2 
4 .  Unexplained jumps 45 1 2 . 4  
5. Inadequate  communi- 

c a t i o n s  33 9 . 1  
6 .  Commercial power 

f a i l u r e  23 6 . 4  
7.  Opera tor  e r r o r  20 5.5 
8.  Component f a i l u r e  1 8  5.0 
9 .  400-cycle gene ra to r  

f a u l t s  11 3.0 
1 0 .  Inadequate  commercial 

power 7 1 . 9  
11. O s c i l l a t o r  d r i f t  7 1 . 9  
12. Atmospherics 7 1 . 9  
13.  High ambient tempera ture  6 1 . 7  
1 4 .  A l l  o t h e r s  11 3 .1  - 

T o t a l s  362 1 0 0  

No one can deny t h a t  t h e  system performance was f a r  from p e r f e c t  a t  f i r s t ,  b u t  it 
may be remembered t h a t  t h e  o r i g i n a l  developmental  t r a n s m i t t e r s  and a s s o c i a t e d  equip-  
ment w e r e  p re s sed  i n t o  s e r v i c e  i n  o r d e r  t o  have s i g n a l s  on t h e  a i r  a t  t h e  e a r l i e s t  
p o s s i b l e  d a t e .  D i f f i c u l t i e s  w e r e  f u l l y  a n t i c i p a t e d .  The ma t t e r  of making system i m -  

provements and d e v i s i n g  o p e r a t i n g  procedures  was, i n  fac t ,  a c o n t i n u a t i o n  of t h e  system 
development. When t h e  geographic  coord ina te s  of t h e  new antenna  s i tes  were e s t a b l i s h e d ,  
NBS undertook t h e  t a s k  of computing a t a b l e  of system coord ina te s .  That  t a b l e  d i f f e r e d  
from previous  lo ran  t a b l e s  i n  one s i g n i f i c a n t  r e s p e c t .  The secondary phase c o r r e c t i o n s ,  
a s  desc r ibed  i n  C i r c u l a r  573, were " b u i l t - i n " ,  when former ly ,  on ly  t h e  l eng th  of t h e  geoc 
d e t i c  a r c s  and t h e  v e l o c i t y  of r a d i o  waves i n  a i r  w e r e  used i n  t h e  computat ions.  

The b u i l t - i n  phase c o r r e c t i o n s  proved t o  be q u i t e  s a t i s f a c t o r y .  S ince  then ,  t h e  

Hydrographic O f f i c e  has  computed a l l  Loran-C c h a r t s  and t a b l e s  i n  t h a t  manner. Recent ly ,  
however, it appears  t h a t  some improvement i n  accuracy can be obta ined  by r e v i s i n g  t h e  

t r ea tmen t  of a tmospher ic  r e f r a c t i o n  i n  computing t h e  phase c o r r e c t i o n s  (sec. 9 on System 
C a l i b r a t i o n )  . 

With r easonab le  phase s t a b i l i t y  a t  t he  t r a n s m i t t e r s ,  t h e  moni tors ,  e s p e c i a l l y  those  
on t h e  s l a v e  b a s e l i n e  e x t e n s i o n s ,  could n o t i f y  t h e  nearby s l a v e  of any needed ad jus tment  
of t h e  coding de lay  t o  r e s t o r e  t h e  p rope r  t ime-d i f f e rence  r ead ing  a t  t he  monitor .  Carry- 

i n g  o u t  t h a t  procedure i s  merely performing t h e  f u n c t i o n s  of a s e r v o  loop.  I n  p r i n c i p l e ,  
it might seem t h a t  d r i f t s  would be r e l a t i v e l y  unimportant  a s  l ong  a s  e f f e c t i v e  c o n t r o l  
could  be e x e r c i s e d .  I n  p r a c t i c e ,  however, t h e  s e r v o  c o n t r o l  seems t o  be  p r a c t i c a l  on ly  
when t h e  system s t a b i l i t y  i s  good enough t h a t  t h e  s e r v o  i s  s c a r c e l y  needed. Monitor ing,  
as an independent  check on system o p e r a t i o n  i s  v i r t u a l l y  i n d i s p e n s a b l e ,  b u t  it i s  funda- 
mental  t h a t  t h e  fewer t h e  e r r o r s  t o  be c o r r e c t e d ,  t h e  b e t t e r  t h e  system performance. 
Loran-C i s  a very  p r e c i s e  measuring system. Typica l  t i m e  d i f f e r e n c e s  a r e  of t h e  o r d e r  
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of 5,000 t o  50,000 vs measured t o  1 / 1 0 0  ps. When t h e  e n t i r e  system i s  func t ion ing  
p r o p e r l y ,  t h e  conf idence  l e v e l  of t h e  r ead inq  i s  about  0 . 0 4  or 0.03 ps, depending, 
of cour se ,  on s igna l - to -no i se  r a t i o  and i n t e g r a t i o n  t i m e .  

Despi te  i n s t rumen ta t ion  problems, it w a s  p o s s i b l e ,  w i th  t h e  a i d  of t h e  moni tors ,  
t o  main ta in  reasonably  s t a b l e  system coord ina te s .  F igu re  6 . 4  shows t h e  f i x e s  recorded  
by t h e  Bermuda monitor f r o m  September 1, 1957, t o  August 2 8 ,  1958, as r e p o r t e d  by 
Jansky and Ba i l ey .  These f i x e s  are based  on 8-hour averages  of t h e  t ime-d i f f e rence  
reading .  With such long averaging  p e r i o d s ,  it may be  assumed t h a t  v i r t u a l l y  a l l  random 

n o i s e  w a s  removed from t h e  d a t a .  
phase d r i f t s  o r  synchron iza t ion  e r r o r s  a l r e a d y  d i scussed .  

The s c a t t e r i n g  of t h e  f i x e s  c e r t a i n l y  r e f l e c t s  t h e  

F igure  6.5 shows t h e  f i x e s  ob ta ined  by averaging  t h e  r ead ings  over  15-min p e r i o d s  
f o r  about a day and a h a l f  (1630 September 4 t o  0700 September 6 ,  1957) .  Var i a t ions  
such as t h e s e  were, of cour se ,  l a r g e l y  averaged o u t  i n  f i g u r e  6 . 4 ,  b u t  even 15 min i s  
long  enough t o  remove most of  t h e  e f f e c t s  of a tmospher ic  no i se .  ~t i s  assumed t h a t  
t h e s e  v a r i a t i o n s  w e r e  caused by more or less random synchron iza t ion  e r r o r s .  Such an 
exp lana t ion  i s  p l a u s i b l e  inasmuch as t h e  data  sample w a s  t aken  s h o r t l y  a f t e r  r e g u l a r  
o p e r a t i o n  w a s  s t a r t e d  and t e c h n i c a l  problems were numerous a t  t h a t  t i m e .  

As prev ious ly  d i scussed ,  phase changes have been a t t r i b u t e d  t o  v a r i o u s  weather  
phenomena, supposedly r e l a t i n g  t o  changes i n  t h e  index  of a tmospher ic  r e f r a c t i o n .  

Jansky and Ba i l ey ,  however, could  f i n d  no ev idence  of s e a s o n a l  v a r i a t i o n s  i n  phase i n  
t h e  Bermuda d a t a .  This may n o t  be t o o  s u r p r i s i n g  s i n c e  a l l  p a t h s  involved  w e r e  over  
sea water and any . e f f e c t  on them would be minimal. 

I n  e v a l u a t i n g  t h e  performance of t h e  system, Jansky and Ba i l ey ,  Inc .  r e p o r t e d  on 
t h e  rather e x t e n s i v e  f l i g h t  t es t s  made du r ing  t h e  s p r i n g  and summer of  1958. The pur- 
pose of t h e s e  tes ts  w a s  t o  de te rmine  t h e  u s e f u l  groundwave range over  sea water and t o  
exp lo re  t h e  f e a s i b i l i t y  of u s ing  skywaves beyond groundwave range .  

were made: t h e  f i r s t ,  i n  March and A p r i l ,  and t h e  second, i n  June and J u l y .  I n  t h e  
f i r s t  s e t ,  measurements w e r e  made i n  Bermuda, P u e r t o  Rico, T r in idad ,  and B r a z i l .  The 
second se t  of f l i g h t s  i nc luded  measurements of i n t e r f e r i n g  s i g n a l s  i n  t h e  North A t l a n t i c  
and Mediterranean areas where a d d i t i o n a l  cha ins  w e r e  be ing  planned. 

Two sets of  f l i g h t s  

I n  probing  t h e  e x t e n t  of t h e  groundwave coverage, t w o  t echn iques  were used. One w a s  

t o  f l y  away from the t r a n s m i t t e r s  u n t i l  t h e  r e c e i v e r  could  no longer  hold  synchroniza- 
t i o n ,  and t h e  o t h e r  w a s  t o  approach t h e  s t a t i o n s  and f i n d  t h e  maximum range a t  which t h e  

s i g n a l s  could  be acqu i r ed .  
what g r e a t e r  d i s t a n c e s  than  t h e  maximum d i s t a n c e  a t  which synchron iza t ion  could  be  es- 

t a b l i s h e d .  

A s  might be  expec ted ,  t h e  s i g n a l s  could  be  t r acked  t o  some- 

The r e c e i v e r s  used i n  t h e s e  tests (SPN-28's) d i d  n o t  have an au tomat ic  s ea rch  f a c i l i t y  
f o r  s i g n a l  a c q u i s i t i o n :  t h e r e f o r e ,  it was necessary  t o  have s i g n a l s  t h a t  could  be  seen  

above t h e  n o i s e  on t h e  t e s t  o s c i l l o s c o p e  i n  o r d e r  t o  p o s i t i o n  t h e  sampling g a t e s .  

toward t h e  t r a n s m i t t e r s  i n  dayt ime,  i t  w a s  found t h a t  t h e  maximum range w a s  about  1500 nmi. 

No measurement of n o i s e  l e v e l  was r e p o r t e d  o t h e r  t han  t h e  appearance of t h e  s i g n a l s  on t h e  
o s c i l l o s c o p e .  The groundwave w a s  d e s c r i b e d  as " i n v i s i b l e "  b u t  t h e  skywave could be  seen  
from a l l  three s t a t i o n s  so it w a s  p o s s i b l e  t o  p o s i t i o n  t h e  sampling g a t e s  c l o s e l y  enough 
f o r  t h e  se rvos  t o  f i n d  t h e  p rope r  groundwave lock-on p o i n t .  

F ly ing  
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F i g u r e  6 . 4 .  Bermuda f i x e s  - S e p t e m b e r ,  1957 t o  
A u g u s t  1958,  8-hour  a v e r a g e s .  
( J a n s k y  & B a i l e y ) .  

105' RADIUS CONTAINS 
50% OF FIXES 

F i g u r e  6 . 5 .  Bermuda f i x e s  - Sep tember  4 - 6 ,  1957, 
15-min  a v e r a g e s  ( J a n s k y  & B a i l e y ) .  
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I t  w a s  f u r t h e r  r e p o r t e d  t h a t  it w a s  p o s s i b l e  t o  de te rmine  i f  t h e  r e c e i v e r  w a s  a c t u a l l y  

synchronized on groundwaves by two methods. F i r s t ,  t h e  measured- f ie ld  s t r e n g t h s  agreed  
w e l l  wi th  expec ted  v a l u e s ,  and second, t h e  t i m e  i n t e r v a l  between t h e  a r r iva l  of  t h e  f i r s t  

two detectable s i g n a l s  (groundwave and f i r s t - h o p  skywave) w a s  c o n s i s t e n t  w i t h  o t h e r  mea- 
surements of t h e  f i r s t - h o p  skywave de lay .  Comparison of t h e  Loran-C f i x e s  wi th  t h e  a c t u a l  
p o s i t i o n  of  t h e  a i r c r a f t  could  n o t  be made over  t h e  ocean as t h e r e  w a s  no independent 
means of  e s t a b l i s h i n g  p o s i t i o n  wi th  a p p r o p r i a t e  accuracy .  

Other  t han  Bermuda and t h e  B a h a m a  I s l a n d s ,  there is no  l and  i n  the p r i n c i p a l  
s e r v i c e  area where f i x  accuracy can be convenient ly  checked. S e v e r a l  f i x e s  w e r e  t aken  on 
a f l i g h t  J u l y  9 ,  1958, over  t h r e e  p o i n t s  i n  t h e  v i c i n i t y  of t h e  L i t t l e  Bahama Banks. 
With t h e  a i d  of  a v e r t i c a l l y  s t a b i l i z e d  d r i f t  s i t e ,  t h e  a i r c r a f t  w a s  flown over  t h e  
known p o i n t s .  The accuracy  of  t h e  a i r c r a f t ' s  p o s i t i o n  w a s  e s t i m a t e d  t o  be b e t t e r  t han  

1 0  f t .  The t ime-d i f f e rence  r ead ings  w e r e  recorded  when pass ing  d i r e c t l y  over t h e  p o i n t s ,  
The passes  were made a t  an a l t i t u d e  of 1300 f t  and a t  an average ground speed of  1 2 0  kno t s .  
The f i x e s  a r e  p l o t t e d  i n  f i g u r e s  6 . 6 ,  6 .7 ,  and 6 . 8 .  

Averaging of  t h e s e  r ead ings  was performed only  by r e c e i v e r  t i m e  c o n s t a n t s .  The i n -  
d i v i d u a l  f i x  errors a r e  cons ide rab ly  l a r g e r  t han  t h e  a c t u a l  error i n  p o s i t i o n  t h a t  
would be expec ted  i n  n a v i g a t i n g  wi th  t h e  system. I n  p r a c t i c e ,  t h e  nav iga to r  would draw 
a smooth t r a c k  through a number of f i x e s .  The average e r r o r  shown i n  t h e  f i g u r e s  i s  
probably t h e  b e t t e r  measure of  system performance. 

I t  i s  noted  t h a t  t h e  average errors are s i m i l a r  i n  magnitude and are i n  approxi- 
mately t h e  s a m e  d i r e c t i o n .  I t  i s  p o s s i b l e  t h a t  they  are a t t r i b u t a b l e  t o  a s y s t e m a t i c  

propagat ion  e f f e c t ,  b u t  it i s  e q u a l l y  p o s s i b l e  t h a t  t h e  synchron iza t ion  of one or both 
slaves w a s  s l i g h t l y  i n  error. 

The problems wi th  component f a i l u r e s  and phase d r i f t s  t h a t  plagued t h e  e a r l y  opera- 
t i o n  of  t h e  system w e r e  g radua l ly  worked o u t .  A major improvement w a s  made i n  
1962 when t h e  o r i g i n a l  exper imenta l  t r a n s m i t t e r s  (AN/FPN-l5's) were r ep laced  w i t h  en- 
t i r e l y  new equipment des igna ted  AN/FPN-42's. The new t r a n s m i t t e r s ,  i n  a d d i t i o n  t o  be- 
i n g  m o r e  stable and reliable, provided  a s i g n a l  of nominal 290-kW peak p u l s e  power i n  
c o n t r a s t  t o  only  5 0  t o  60 kW d e l i v e r e d  by t h e  AN/FPN-l5's. Ac tua l ly ,  t h e  AN/FPN-42's 
were t h e  t h i r d  gene ra t ion  of t r a n s m i t t e r s .  They w e r e  preceded by t h e  AN/FPN-39'sr 
which were s imi la r  and has  an  o u t p u t  power of about  250  kW. A l l  t h e  powers g iven  above 
r e f e r  t o  r a d i a t e d  power wi th  t h e  625-f t  an tennas .  

Duxing t h e  i n t e r i m ,  t h e  Mar tha ' s  Vineyard s t a t i o n  w a s  moved t o  Nantucket t o  com- 
b i n e  t h e  i n s t a l l a t i o n  wi th  t h a t  of an e x i s t i n g  Loran-A t r a n s m i t t e r .  The new l o c a t i o n  
i n c r e a s e d  t h e  b a s e l i n e  l eng th  somewhat and, of cour se ,  n e c e s s i t a t e d  new computation 
of  g r i d ,  b u t  o the rwise ,  t h e  move w a s  n o t  t e c h n i c a l l y  s i g n i f i c a n t .  

The Coast Guard d i d  n o t  cons ide r  t h e  E a s t  Coast cha in  i n  " o p e r a t i o n a l "  s t a t u s  
u n t i l  t h e  new t r a n s m i t t e r s  were i n s t a l l e d  and a p p r o p r i a t e  c a l i b r a t i o n  and accuracy 
checks? had been made. T a b l e  6.3 summarizes t h e  comparison of  measured t i m e  d i f f e r - '  
ences  wi th  t h e  p r e d i c t e d  r ead ings  a t  a number of  s i tes  (USCG EE,Rpt. L-33,app. 1 9 6 2 ) .  

The t ime-d i f f e rence  errors could ,  of cour se ,  be  conver ted  t o  f i x  errors, b u t  s e v e r a l  

I t  i s  po in ted  o u t  t h a t  t h e  propagat ion  p a t h s  of t h e  s i t e s  are poor ly  s i t u a t e d  fo r  f i x e s .  
con ta in  va ry ing  amounts of land  and u n c e r t a i n t i e s  i n  t h e  ground c o n d u c t i v i t y  c o n t r i b u t e  
t o  t h e  p r e d i c t i o n  e r r o r s .  I n  a stable system, s y s t e m a t i c  o r  p r e d i c t i o n  errors can be  

79 



T l O N  POSITION 

r Y 

0 io0 200 300 400 500 
I . 1 . I  
0 IO0 200 300 400 500 

DISTANCE IN F E E T  
L I ~ I I I  @ DISTANCE IN F E E T  

Figure  6 . 6 .  A i r b o r n e  f i x e s ,  L i t t l e  S a l e  F i g u r e  6 . 7 .  A i r b o r n e  f i x e s ,  B a s s e t t  Cove 
Cay ( J a n s k y  & B a i Z e y ) .  ( J a n s k y  & B a i l e y ) .  
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F i g u r e  6 . 8 .  A i r b o r n e  f i x e s ,  Walker  
Cay ( J a n s k y  & B a i l e y ) .  
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Tab l e  6 .  3 .  Measured u s .  P r e d i c t e d  T D S  

S i t e  P r e d i c t i o n  Error  
xus Y W  

O t i s  AFB, Mass. -0.30 +0.05 
Suf fo lk  AFB, N . Y .  - 0 .50  to. 05 
A t l a n t i c  C i t y ,  N . Y .  -0 .00 +o -10 
Wildwood, N .  J .  -0 .38  +0.01 
Salsbury  , Md. - 0 . 0 1  -0.14 
E l i z a b e t h  C i t y ,  N . J .  - 0 . 1 4  +0.04 
Cherry P t . ,  N . C .  +O .13  +0.04 
Beaufo r t ,  N . C .  + O .  32 + O  .35 
Brunswick , G a .  - 0 . 0 3  +0.04 
J a c k s o n v i l l e ,  F l a .  - 0 . 0 5  + 0 . 0 4  

Kindley AFB, Bermuda - 0 . 0 4  -0.08 
Monitoring S i t e ,  Bermuda + 0 . 0 3  - 0 . 2 4  
E leu the ra ,  BWI -0 .06  -0 .30 
Mayaguaua , BWI + O .  17 -0.28 
San Juan ,  P.R. - 0 . 0 9  + 0 . 0 7  

S t .  Pe t e r sburg  , F l a .  -0.11 -0.02 

c a l i b r a t e d  o u t  wi th  a f a i r  degree of s a t i s f a c t i o n ,  e s p e c i a l l y  i f  t h e  e r r o r s  are sma l l .  
In l and  c a l i b r a t i o n  measurements w e r e  n o t  made, b u t  it w a s  presumed t h a t  much larqer pre- 
d i c t i o n  e r r o r s  t han  t h o s e  shown i n  table 6 .3  would be  found. S ince  most of t h e  propa- 
g a t i o n  i s  over  sea water, however, it i s  clear t h a t  t h e  p r e d i c t e d  r ead ings  are q u i t e  
a c c u r a t e  and, i f  needed, measured c o r r e c t i o n s  can be used nea r  s h o r e l i n e s  and i s l a n d s .  

P l ans  t o  i n s t a l l  o t h e r  cha ins  were s t a r t e d  e s s e n t i a l l y  a t  t h e  beginning  of  t h e  
Loran-C program. Nothing could  be  done immediately,  however, as cons ide rab le  t i m e  was 
r e q u i r e d  t o  develop and manufacture new equipment and a l s o  t o  n e g o t i a t e  w i t h  o t h e r  
governments f o r  t r a n s m i t t e r  s i t es .  T a b l e  6 . 4  l ists  t h e  p r e s e n t  o p e r a t i o n a l  cha ins .  

The l o c a t i o n s  of a l l  t h e  s t a t i o n s  p r e s e n t l y  i n  o p e r a t i o n  are shown i n  f i g u r e  6 . 9 .  

The performance of t h e  E a s t  Coast cha in  s i n c e  June ,  1962, i s  t y p i c a l  of a l l  t h e  cha ins .  
However, t h e  v a s t  d i f f e r e n c e s  i n  t h e  geograph ica l  l o c a t i o n s  of  t h e  cha ins ,  t h e  d i s -  
t a n c e s  between a v a i l a b l e  t r a n s m i t t e r  s i t e s ,  and o t h e r  p h y s i c a l  f a c t o r s  made i t  exped ien t  
t o  modify some of t h e  i n s t a l l a t i o n s .  To i n s u r e  adequate  s i g n a l s  over  some of t h e  base- 
l i n e s ,  more r a d i a t e d  power w a s  necessary .  By i n c r e a s i n g  t h e  an tenna  h e i g h t  from 6 2 5  f t  
t o  1300  f t ,  t h e  r a d i a t i o n  e f f i c i e n c y  w a s  i n c r e a s e d  by about  4 t o  1 t o  provide  a s i g n a l  
Of 1.2-MW peak p u l s e  power wi th  t h e  AN/FPN-42 t r a n s m i t t e r s .  The f o u r t h  gene ra t ion  Of 

t r a n s m i t t e r s ,  t h e  AN/FPN-45's used wi th  t h e  1300-f t  a n t e n n a s ,  d e l i v e r  a s i g n a l  Of ap- 
proximate ly  4 MW. Refer  t o  table 6 . 4  f o r  t h e  power of t h e  d i f f e r e n t  s t a t i o n s .  The 

Sou theas t  A s i a  c h a i n ,  w i th  i t s  s h o r t  b a s e l i n e s  and s t r i c t  t o l e r a n c e  a l lowances ,  i s  
r e p o r t e d  t o  be  t h e  m o s t  s t a b l e  over land  cha in  t o  d a t e .  

The Mediterranean cha in  d i f f e r s  from most of t h e  o t h e r s  i n  t h a t  more land  i s  i n -  
volved i n  t h e  propagat ion  p a t h s .  While t h e  land  does n o t  i n f l u e n c e  t h e  r e l i a b i l i t y  or 
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TabZe 6.4. Present Operational Loran-C Chains. 

Chain R a t e  * Master S laves  
W X Y 2 

North P a c i f i c  SL-2 P r i b i l o f  
I s l a n d  

S i t k i n a k  At tu  P t .  Clarence  
1 Mw 

*East  Coast SS-7 Cape Fear J u p i t e r  I Cape Nantucket Dana , 
N . C .  F l o r i d a  R a c e  , Mass. Ind iana  

N w f  Id .  
4 Mw 

C e n t r a l  P a c i f i c  SH-4 Johnston 
I s l a n d  

Hawaii Kure 
I s l a n d  I s l a n d  

Mediterranean SL-1  Catanzaro , 
I t a l y  

Wadi Kargaburnu, E s t a r t i t , .  
M i t r a t h i n ,  Turkey Spain 
Libya 

North A t l a n t i c  SL-7 Angissoq , Sandur E ides ,  
Greenland I ce l and  Faeroe 
1 . 2  Mw 4 Mw I s l a n d s  

Cape Race, 
Newfound- 

4 Mw 
land  

Norwegian Sea SL-3 Eides ,  S Y l t  I BO I Sandur , Jan Mayen 
Faeroe Germany Norway Ice land  
Is lands  3 m 

Northwest P a c i f i c  SS-3 Iwo Jima Marcus Hokkaido, Okinawa Yap 
4 M w  I s l a n d  Japan 4 . 0  Mw 

4 MW 600 kW 

Sou theas t  A s i a  SH-3 S a t t a h i p  
Thai land 

Lampong ConSon Tan My, 
Thai land  So. Vietnam So. Vietnam 

~~~~ ~ ~~ ~ -~~ ~ 

Nominal r a d i a t e d  peak p u l s e  power i s  250 kW-400 kW excep t  as i n d i c a t e d .  

* See Table  7.2.  

** The Cape Race, Newfoundland s t a t i o n  w a s  synchronized wi th  t h e  E a s t  Coast  cha in  
i n  1965.  The a d d i t i o n a l  s t a t i o n  made it necessary  t o  change t o  a lower r a t e  
(SL-0) . The r a t e  was la ter  changed t o  SS-7 t o  avoid  i n t e r f e r e n c e  problems. 



r e p e a t a b i l i t y ,  it makes the  g r i d  more d i f f i c u l t  t o  p r e d i c t ,  and more s y s t e m a t i c  correc- 

t i o n s  and c a l i b r a t i o n  are necessary .  

The s t a t i o n  on Jan Mayen I s l a n d  i s  shown i n  a panoramic view i n  f i g u r e  6 . 1 0 .  I t  

i s  remin i scen t  of t he  Beetle LF Loran i n s t a l l a t i o n s ,  b u t ,  i n  t h i s  ca se ,  t h e  obvious 
d i f f i c u l t i e s  of i n s t a l l i n g  and o p e r a t i n g  an i s o l a t e d  s t a t i o n  i n  t h e  f a r  no r th  w e r e  
overcome. 

F i g u r e  6 . 9 .  Loran-C Cha ins  

Figure 6 . 1 0 .  Jan Mayen I s l a n d  station. 

On one or two occas ions ,  t r a n s m i t t i n g  antennas have been l o s t  i n  h u r r i c a n e s  and 
r e g r e t t a b l y ,  t h e  1300-f t  tower a t  t h e  Iwo J i m a  s t a t i o n  f a i l e d  mechanica l ly ,  r e s u l t i n g  
i n  the l o s s  of two l i v e s .  Despi te  a f e w  major c a t a s t r o p h i e s ,  which seem t o  have been 
beyond human c o n t r o l ,  t h e  o v e r a l l  system r e l i a b i l i t y  has  become n e a r l y  p e r f e c t .  It  
i s  ques t ionab le  whether  a percentage  f i g u r e  should  be quoted ,  b u t ,  a t  t h e  hazard of 
some inaccuracy ,  99  pe rcen t  i s  a reasonable  and , perhaps ,  conse rva t ive  e s t i m a t e .  
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I n  a d d i t i o n  t o  t h e  pu re ly  t e c h n i c a l  c o n s i d e r a t i o n s  d e s c r i b i n g  t h e  performance of 
Loran-C, it i s  m o s t  impor tan t  t o  view t h e  system i n  t h e  p e r s p e c t i v e  of e s t a b l i s h e d  
goa l s  and requirements  f o r  nav iga t ion  systems.  I t  i s  a l s o  impor tan t  t o  recognize  t h e  
spectrum requi rements  of t h e  system i n  r e l a t i o n  t o  i n t e r n a t i o n a l l y  aqreed-upon f r e -  
quency assignments  f o r  o t h e r  r a d i o  s e r v i c e s  (Jansky and Ba i l ey ,  1 9 6 2 ) .  

I t  i s  p r e v a l e n t  among a l l  u se r s  of nav iga t ion  systems t o  v i s u a l i z e  the  a t t r i b u t e s  
of t h e  “ i d e a l “  nav iga t ion  system and a t tempt  t o  de f ine  i t s  performance s p e c i f i c a t i o n s .  
Obviously,  t h e r e  is  no i d e a l  system, and “ i d e a l i z e d ”  performance s p e c i f i c a t i o n s  vary  
widely depending on t h e  needs and i n t e r e s t s  of i n d i v i d u a l  u se r s .  Universa l  agreement 
on performance requirements  i s  f u r t h e r  impeded by d i f f e r e n t  c o u n t r i e s  who have t h e i r  
ves t ed  i n t e r e s t s  i n  n e a r l y  every a s p e c t  of t h e  s i t u a t i o n  ranging  from economic matters 
t o  p r e s t i g e .  Even on a p e r f e c t l y  o b j e c t i v e  b a s i s ,  it would be d i f f i c u l t  t o  s p e c i f y  
an i d e a l  nav iga t ion  system t h a t  would e f f i c i e n t l y  s a t i s f y  t h e  needs of s u r f a c e  v e s s e l s  
and high-speed a i r c r a f t .  

Neve r the l e s s ,  some concensus has  been reached t h a t  a long-range n a v i g a t i o n a l  a i d  
should ( t h e  fo l lowing  q u o t a t i o n  ending on page 86  i s  taken  from a r e p o r t  by Jansky 
and Ba i l ey ,  1 9 6 2 )  : 

1. B e  s u i t a b l e  f o r  implementat ion and use i n  any a r e a  of t h e  world 
du r ing  day and n i g h t ,  i n  a l l  s easons ,  over  ex tens ive  s e a  a r e a s ,  
and i n  a l l  k inds  of weather .  

2 .  Provide omnid i r ec t iona l  n a v i g a t i o n a l  d a t a  t h a t  a r e  f r e e  from op- 
e r a t i o n a l l y  s i g n i f i c a n t  ambigui t ies  w i t h i n  t h e  a r e a  of in tended  
coverage of a t  least  95% of t h e  t i m e .  

3 .  B e  f r e e l y  a v a i l a b l e  t o  a l l  who wish t o  use it. 

4 .  Serve an un l imi t ed  number of use r s  i n  a manner compatible  wi th  t h e  
performance c h a r a c t e r i s t i c s  of t h e i r  v e s s e l s .  

5.  Provide f a i l - s a f e  i n d i c a t i o n  of system mal funct ions .  

6 .  B e  compat ible  wi th  t h e  c u r r e n t l y  e f f e c t i v e  Radio Regula t ions .  

With r e s p e c t  t o  t h e  r equ i r ed  p o s i t i o n - f i x i n g  accuracy ,  t h e  r e p o r t  of 
Spec.ia1 Committee 3 of t h e  RTCM s t a t e s :  

I n  t h e  ocean areas, a p o s i t i o n  f i x i n g  system wi th  an accuracy of 
5 m i l e s  o r  one pe rcen t  of t h e  d i s t ance ’  from danger ,  whichever i s  t h e  
lesser, i s  r equ i r ed .  With r e s p e c t  t o  a v i a t i o n  requirements  , t h e  r e p o r t  
of S p e c i a l  Committee 6 7  of t h e  RTCA s t a t e s :  ‘ A s  an immediate goa l ,  f i x  
e r r o r s  i n  95% of t h e  r ead ings  up t o  2000 n a u t i c a l  m i l e s  from t h e  m o s t  
remote s t a t i o n  c o n t r i b u t i n g  t o  t h e  f i x  s h a l l  be less than 2 5 n a u t i c a l  
m i l e s  o r  5 1% of t h e  d i s t a n c e ,  whichever i s  g r e a t e r . ’  

The I n t e r n a t i o n a l  Meeting on Radio Aids t o  Marine Navigat ion ( IMRAMN)  p u t  
f o r t h  t h e  fo l lowing  table of n a v i g a t i o n a l  requi rements :  
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Ranges Funct ions 
~~ 

Dis tance  Accuracy T i m e  
(n .mi . )  t o  Avai lab le  
Neares t  Source t o  Estab-  
of Danger l i s h  Pos i -  

t i o n  

Long Trans ocean 
Navigat ion 

More than  50 + - 1% 15 m i n  

Medium Aid t o  approach- 50-3 
i n g  l and ,  t o  
c o a s t i n g  and 
gene ra l  p o r t  
approach 

1 / 2  n.mi. 5-1/2 min 

200  meters 
t o  

Shor t  Aids t o  ha rbor s  L e s s  than  3 5 50 meters Immediate 
and e n t r a n c e s  

ICAO has  s t a t e d  ( ICAO Document 7625) t h a t ,  i r r e s p e c t i v e  of t i m e  o r  
weather ,  a range of t h e  o r d e r  of 1500 m i l e s  i s  d e s i r a b l e .  The accuracy must 
be such t h a t  t h e  p o s i t i o n - f i x i n g  e r r o r  w i l l  n o t  exceed 1 0  m i l e s  on a t  least  
95 pe rcen t  of  t h e  occas ions .  The U.S. s t a t emen t  on a v i a t i o n  o p e r a t i o n a l  
requirements  i s  conta ined  i n  t h e  A i r  Coord ina t ing  Committee Paper  A C C / 9 . 1 ,  
May 2 7 ,  1957. I n  t h i s  paper  it i s  s t a t e d  t h a t  t h e  accuracy should be w i t h i n  
- + 3 m i l e s  95% of t h e  t i m e .  Committee Paper ACC 58/9.1 should  be r e f e r r e d  t o  
f o r  complete d e t a i l s  on a v i a t i o n  o p e r a t i o n a l  requi rements .  

nav iga t ion  are given i n  A i r  Coordina t ing  Committee document 58/12.13 da ted  
December 30, 1959. They a r e :  

The b a s i c  p o l i c i e s  of  t h e  U.S. wi th  r e s p e c t  t o  long d i s t a n c e  a i d s  t o  

1. 

2 .  

3. 

4 .  

5. 

To promote a s  a cont inuing  g o a l ,  n a t i o n a l  and i n t e r n a t i o n a l  
s t a n d a r d i z a t i o n  of a s i n g l e  type  of ground-based, long d i s -  
ance r a d i o  a i d  t o  nav iga t ion  s u i t e d  t o  the 'needs of a l l  u s e r s  
( a i r ,  s u r f a c e  and sub- su r face ) .  In  t h e  meantime, t o  s tandard-  
i z e  on t h e  minimum number of t ypes  of a i d s  necessary  t o  meet 
t h e  requirements  of t h e  va r ious  u s e r s .  

To recognize  t h e  complimentary r e l a t i o n s h i p  between ground- 
based s h o r t  d i s t a n c e  and long d i s t a n c e  and se l f - con ta ined  
a i d s  i n  t h e  system of nav iga t ion  and t r a f f i c  c o n t r o l .  

To promote t h e  s c i e n t i f i c  and t e c h n i c a l  e v a l u a t i o n  of a l l  a i d s ,  
domest ic  and f o r e i g n ,  and suppor t  t h e  development and opera-  
t i o n a l  e v a l u a t i o n  of t hose  which a r e  economical ly  f e a s i b l e  
and p o t e n t i a l l y  capable  of meeting recognized o p e r a t i o n a l  
requi rements .  The U.S. w i l l  n o t  advocate  o r  accep t  any 
s t anda rd  which would e n t a i l  any monopol i s t ic  o r  exc lus ive  
advantage t o  any one country o r  t o  any one bus iness  e n t e r -  
p r i s e  o r  group of e n t e r p r i s e s .  

To encourage and promote t h e  i n t e r n a t i o n a l  exchange of tech-  
n i c a l  in format ion  concerning long d i s t a n c e  a i d s  t o  nav iga t ion .  

T o  suppor t  and promote n a t i o n a l  and i n t e r n a t i o n a l  s t anda rd -  
i z a t i o n  of t h e  e s s e n t i a l  c h a r a c t e r i s t i c s  of t es t  s t anda rds  
f o r  t h e  s t anda rd ized  a i d .  

479-238 0 - 72 - 7 
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6. 

7. 

8 .  

To e x e r c i s e  sound p lann ing  i n  f a c i l i t y  implementat ion and 
development i n  t h e  i n t e r e s t  of f requency conse rva t ion ,  over- 
a l l  economies, and avoidance of unnecessary d u p l i c a t i o n .  

T o  i n s t a l l  a i d s  t o  meet t h e  requi rements  of t h e  va r ious  
u s e r s ,  a s  f a r  as p r a c t i c a b l e ,  u n t i l  a s t anda rd  a i d  i s  accepted  
and implemented. The c u r r e n t  t ypes  of long d i s t a n c e  ground- 
based r a d i o  aids t o  nav iga t ion  upon which p r e s e n t  p l a n s  w i l l  
b e  based  a r e :  Loran-A, Loran-C, non-d i r ec t iona l  beacons,  and 
Consol. 

To suppor t  and promote t h e  i n t e r n a t i o n a l  adopt ion  and i m p l e -  
menta t ion  of such a i d s  o r  systems of a i d s  which more 
adequate ly  meet requi rements  of u s e r s  and which can be tech-  
n i c a l l y ,  o p e r a t i o n a l l y  and economical ly  j u s t i f i e d  u n t i l  a 
s i n g l e  n a t i o n a l  and i n t e r n a t i o n a l  ground-based long d i s t a n c e  
r a d i o  nav iga t ion  a i d  i s  accepted  and implemented. 

S t a t u t o r y  r e s p o n s i b i l i t y  f o r  mari t ime n a v i g a t i o n a l  aids i s  
covered by Sec t ion  8 1  of T i t l e  14, United States Code. Under t h i s  
r e g u l a t i o n ,  t h e  U . S .  Coast  Guard i s  r e s p o n s i b l e  f o r  t h e  e s t a b l i s h -  
ment, maintenance,  and ope ra t ion  of mari t ime n a v i g a t i o n a l  a i d s  re- 
q u i r e d  by t h e  Armed Forces  and U.S. commerce. Pursuant  t o  t h i s  
s b a t u t o r y  a u t h o r i t y ,  t h e  U.S. Coast  Guard has  adopted Loran-C as a 
s t anda rd  element  i n  t h e  U . S .  system of r a d i o  aids t o  mari t ime 
nav iga t ion .  

S ince  p u l s e  t r ansmiss ions  a r e  used i n  a l l  t h e  lo ran  sys tems,  some i n t e r f e r e n c e  
t o  o t h e r  s e r v i c e s  i n  t h e  crowded r a d i o  spectrum h a s  been i n e v i t a b l e .  R e l a t i v e l y  few 
problems have a r i s e n  i n  North America, b u t ,  i n  o t h e r  p a r t s  of t h e  wor ld ,  i n t e r n a t i o n a l  
agreements on spectrum usage have been d i f f i c u l t  t o  achieve .  I n  a r e p o r t  f o r  t h e  Coast  
Guard, Jansky and Bai ley  (Jansky and B a i l e y ,  1 9 6 2 )  have summarized t h e  "Regulatory 
Hi s to ry  of  Loran." The remainder of s e c t i o n  6 i s  a l s o  quoted  from t h a t  r e p o r t  w i t h  
minor c o r r e c t i o n s  f o r  t e c h n i c a l  accuracy and cons i s t ency .  

REGULATORY HISTORY OF LORAN 

General  

Loran-A w a s  brought  t o  f u l l  o p e r a t i o n a l  s t a t u s  du r ing  a p e r i o d  
which r equ i r ed  t h a t  v i r t u a l l y  a l l  o t h e r  cons ide ra t ions  be subord ina ted  
t o  t h e  b a s i c  o b j e c t i v e  of  p rov id ing  t h e  A l l i e d  Armed Forces  wi th  t h e  
b e s t  and most r e l i a b l e  long range r a d i o  n a v i g a t i o n a l  a i d  t h a t  t h e  
s t a t e - o f - t h e - a r t  would a l low.  The d e c i s i o n  as t o  t h e  gene ra l  p o r t i o n  
of  t h e  r a d i o  spectrum i n  which l o r a n  t r a n s m i t t e r s  would ope ra t e  w a s  
based on t h e  r e s u l t s  of propagat ion  experiments .  B a s i c  l o r a n  system 
parameters ,  such as,  r a d i a t e d  power, p u l s e  wid th ,  p u l s e  r i se  t i m e ,  
r e p e t i t i o n  f requency ,  e tc . ,  w e r e  e s t a b l i s h e d  almost  e x c l u s i v e l y  on t h e  
b a s i s  of t h e  e f f e c t  each would have on o v e r - a l l  system performance. 
During t h i s  p e r i o d ,  l i t t l e  c o n s i d e r a t i o n  w a s  given t o  minimizing t h e  
r a d i o  frequency bandwidth occupied by t h e  l o r a n  emiss ions  o r  t o  t h e  
e f f e c t  t h e s e  emiss ions  might have on o t h e r  u s e r s  of t h e  spectrum. 

With t h e  c e s s a t i o n  of h o s t i l i t i e s ,  it became apparent  t h a t  a 
r a d i o  nav iga t ion  system o r i g i n a l l y  developed s o l e l y  t o  m e e t  t h e  ur-  
g e n t  requi rements  of a global w a r  could  very  e f f e c t i v e l y  s e r v e  peace 
t i m e  n a v i g a t i o n a l  needs. The d e c i s i o n  w a s  made, t h e r e f o r e ,  which 
c a l l e d  f o r  t h e  cont inued  use  of  l o r a n .  For the  f i r s t  t i m e ,  t h e r e  
a rose  t h e  a s p e c t  of l o r a n  as one of an ever-growing number of tele- 
communication s e r v i c e s  t h a t  must be accommodated i n  a f i n i t e  r a d i o  
frequency spectrum. The t a s k  of b r i n g i n g  l o r a n  o p e r a t i o n s  i n t o  con- 
formi ty  wi th  i n t e r n a t i o n a l  r e g u l a t i o n s  began. 
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I n  o rde r  t o  a p p r e c i a t e  t h e  magnitude of t h i s  t a s k ,  i t  i s  neces- 
s a r y  t o  review b r i e f l y  t h e  i n t e r n a t i o n a l  r e g u l a t o r y  background 
a g a i n s t  which t h e  lo ran  system developed. 

S t a t u s  of  Loran-A Under t h e  Ca i ro  Regula t ions  (1938) 

The I n t e r n a t i o n a l  Radio Regula t ions  (Ca i ro ,  1938) , which w e r e  
' i n  e f f e c t '  dur ing  t h e  pe r iod  of l o ran  development made no provi -  
s i o n  f o r  t h e  ope ra t ion  of a r e l a t i v e l y  broad-band r a d i o  nav iga t ion  
s e r v i c e  i n  f requency bands s u i t a b l e  f o r  l o ran .  When it became known 
from propagat ion  s t u d i e s  t h a t  a f requency band of t h e  o r d e r  of 2 M c / s  
was n e a r  optimum f o r  l o ran  ( a s  then  conce ived) ,  t h e  U . S .  War Com- 
municat ion Board through the  In te rdepar tment  Radio Advisory Committee 
( I R A C )  ass igned  t h r e e  f r equenc ie s  (1750, 1850 and 1950 kc / s )  t o  t h e  
system. Na t iona l ly ,  t he  band 1700-2000 kc /s  was a l l o c a t e d  t o  t h e  
Amateur Serv ice  which was suspended i n  t h i s  count ry  du r ing  t h e  w a r .  
I n t e r n a t i o n a l l y ,  t he  band w a s  p r i n c i p a l l y  used f o r  small-boat  r ad io -  
te lephone communications and f o r  shor t - range  f i x e d  o p e r a t i o n s ;  bo th  
of which had been sha rp ly  c u r t a i l e d  i n  most a r e a s  du r ing  t h e  w a r .  
During i t s  e a r l y  y e a r s ,  Loran-A enjoyed f a i r l y  wide and r e l a t i v e l y  
c l e a r  r a d i o  frequency channels .  

A t  t h e  end of World W a r  11, t h e  ma jo r i ty  of t h e  i n t e r n a t i o n a l  
r a d i o  s e r v i c e s  which t r a n s m i t t e d  on f r equenc ie s  i n  o r  nea r  t h e  lo ran  
frequency band began t o  go back i n t o  ope ra t ion .  Unfor tuna te ly ,  t h i s  
caused s e r i o u s  i n t e r f e r e n c e  problems i n  c e r t a i n  a r e a s .  This  i n t e r -  
f e rence  was due mainly t o  t h e  cont inued s e r v i c e  of wartime developed 
lo ran  t r a n s m i t t e r s  which r a d i a t e d  a broad r a d i o  frequency spectrum. 
The problem was f u r t h e r  complicated by t h e  unfavorable  f requency and 
geographica l  j u x t a p o s i t i o n  of a high powered, pu l sed  r a d i o  naviga- 
t i o n  system ( i . e . ,  l o r a n )  and a low powered, sh ip /shore  r a d i o t e l e -  
phone s e r v i c e  by t h e  gene ra l  pub l i c .  

Author ' s  no te :  Also,  t o  avoid  i n t e r f e r e n c e  t o  l o r a n ,  on t h e  b a s i s  of a 

r e q u e s t  from t h e  U.S. Coast  Guard, t h e  F.C.C. amended i t s  r u l e s  a f t e r  WWII so a s  
t o  g r e a t l y  restrict U.S. amateur r a d i o  ope ra t ions  i n  t h e  1800-2000 kHz band. 

Subsequent ly ,  it w a s  found p o s s i b l e  through t h e  a p p l i c a t i o n  o€ 
t e c h n i c a l  and o p e r a t i o n a l  measures e i t h e r  t o  e l i m i n a t e  o r  t o  reduce 
t h e  lo ran  i n t e r f e r e n c e  t o  t o l e r a b l e  l e v e l s  i n  most cases. The i n i t i a l  
impression concerning pulsed  systems by t h e s e  i n t e r f e r e n c e  problems 
l i n g e r s  t o  t h i s  day and has  had a s i g n i f i c a n t  bea r ing  on t h e  o b t a i n i n g  
of s u i t a b l e  f requency a l l o c a t i o n s  f o r  l o ran  a t  subsequent  i n t e r n a t i o n a l  
conferences .  

Loran and the  A t l a n t i c  C i t y  Radio Regulat ions ( 1 9 4 7 )  

A t  t h e  A t l a n t i c  C i ty  Conference i n  1 9 4 7 ,  t he  United S t a t e s  pro- 
posed world-wide a l l o c a t i o n  of  t he  band 1800-2000 kc/s  f o r  S tandard  
Loran. Large ly ,  as a r e s u l t  of t h e  i n t e r f e r e n c e  problems p rev ious ly  
mentioned, t h i s  proposa l  m e t  wi th  determined and e f f e c t i v e  oppos i t i on  
from a number of European Delega t ions .  With r e s p e c t  t o  t h e  European 
a r e a  ( I T U  Region 1 1 ,  a compromise w a s  f i n a l l y  reached which a l l o c a t e d  
the  band 1605-2000 kc/s t o  t h e  f i x e d  and mobile s e r v i c e s  and provided 
f o r  cont inued ope ra t ion  of t h e  European lo ran  s t a t i o n s  then  i n  e x i s -  
tence .  I n  o t h e r  a r e a s  of t h e  wor ld ,  Standard Loran System was given 
' p r i o r i t y  s t a t u s '  i n  t h e  band 1800-2000 kc /s .  

On t h e  b a s i s  of exper ience  wi th  LF Loran and o t h e r  systems,  t h e  
United S t a t e s  de l ega t ion  t o  t h e  A t l a n t i c  C i ty  Conferences a l s o  pro- 
posed t h a t  a 'segment of t h e  frequency band 200-280 kc/s be a l l o c a t e d  
on a world-wide b a s i s  f o r  t h e  u l t i m a t e  long d i s t a n c e  n a v i g a t i o n a l  a i d . '  
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This  p roposa l  was n o t  accep tab le  t o  t h e  European Admin i s t r a t ions ,  due 
l a r g e l y  t o  oppos i t i on  i n  beha l f  of t h e  Broadcas t ing  Se rv ice .  When it 
became apparent  t h a t  t h e  o r i g i n a l  U . S .  p roposa l  would n o t  be  accepted  
and t h a t  no similar p roposa l  i nvo lv ing  f r equenc ie s  between 155 and 
1560 kc /s  would be a c c e p t a b l e ,  t h e  s i t u a t i o n  was reviewed and t h e  
band 90-110 kc/s  w a s  s e l e c t e d  a s  t h e  b e s t  compromise between t h e  con- 
f l i c t i n g  t e c h n i c a l  and o p e r a t i o n a l  cons ide ra t ions  involved .  The 
modif ied United States p roposa l  w a s  c o n d i t i o n a l l y  accepted  by t h e  
Conference and t h e  band 90-110 kc/s w a s  a l l o c a t e d  t o  t h e  ( a )  f i x e d ,  
(b )  m a r i t i m e  mobile ,  and (c)  r a d i o  nav iga t ion  s e r v i c e s .  The manner 
i n  which p rov i s ion  f o r  t h e  development of a new world-wide s e r v i c e  
was made i n  a band which w a s  au tho r i zed  f o r  world-wide use  by o t h e r  
s e r v i c e s  i s  most i n t e r e s t i n g .  This  w a s  se t  f o r t h  i n  t h e  fo l lowing  
f o o t n o t e  ( 1 1 2 )  t o  t h e  Al loca t ion  Table .  

'The development of long d i s t a n c e  r a d i o  nav iga t ion  i s  
au tho r i zed  i n  t h i s  band which w i l l  become e x c l u s i v e l y  
a l l o c a t e d  wholly or i n  p a r t  f o r  t h e  use  of any such sys-  
t e m  as soon as it i s  i n t e r n a t i o n a l l y  adopted.  Other  con- 
s i d e r a t i o n s  be ing  e q u a l ,  p re fe rence  should  be given t o  
t h e  system r e q u i r i n g  t h e  minimum bandwidth f o r  world-wide 
s e r v i c e  and caus ing  t h e  least  harmful  i n t e r f e r e n c e  t o  
o t h e r  s e r v i c e s .  

' I f  a p u l s e  r a d i o  nav iga t ion  system i s  employed, t h e  
p u l s e  emiss ions  n e v e r t h e l e s s  must be conf ined  w i t h i n  t h e  
band,  and must n o t  cause  harmful  i n t e r f e r e n c e  o u t s i d e  
t h e  band t o  s t a t i o n s  o p e r a t i n g  i n  accordance wi th  t h e  
Regula t ions .  

'During t h e  exper imenta l  pe r iod  p r i o r  t o  t h e  i n t e r n a t i o n a l  
adopt ion  of any long  d i s t a n c e  r a d i o  nav iga t ion  system i n  
t h i s  band, t h e  r i g h t s  of e x i s t i n g  s t a t i o n s  o p e r a t i n g  i n  
t h i s  band w i l l  cont inue  t o  be r ecogn ized . '  

The i n f l u e n c e  of t h e  i n t e r f e r e n c e  problems invo lv ing  Loran-A, 
p rev ious ly  mentioned, i s  c l e a r l y  seen  i n  t h e  f i r s t  and second para-  
graphs of t h e  foo tno te .  

E f f e c t  of Action by t h e  P r o v i s i o n a l  Frequency Board (PFB) 
and t h e  Ex t rao rd ina ry  Admin i s t r a t ive  Radio Conference (EARC) on Loran-C 

I n  accordance w i t h  t h e  d e c i s i o n  of t h e  A t l a n t i c  C i ty  Radio Con- 
f e rence  ( 1 9 4 7 )  t o  draw up a new I n t e r n a t i o n a l  Frequency L i s t  i n  t h e  
bands between 1 0  kc/s  and 30 M c / s ,  seven i n t e r n a t i o n a l  conferences  
w e r e  h e l d  du r ing  t h e  pe r iod  1948-1951. The t a s k  of  drawing up a 
d r a f t  'Frequency Allotment  P lan '  f o r  t h e  bands between 1 4  kc/s  and 
150 kc/s  w a s  g iven t o  t h e  P r o v i s i o n a l  Frequency Board (PFB) which 
m e t  i n  Geneva from January 1948 t o  February 1950. On 31 January 
1950, t h e  PFB adopted a ' d r a f t  world-wide p l a n  of f requency a s s ign -  
ments t o  f i x e d  and c o a s t  s t a t i o n s  i n  t h e  band 14-150 kc /s . '  As i n  
t h e  case  of many o t h e r  f requency bands,  t h e  Board found t h a t  t h e  
spectrum space a v a i l a b l e  w a s  i n s u f f i c i e n t  t o  accommodate a l l  t h e  
s t a t e d  frequency requirements  of t h e  va r ious  a d m i n i s t r a t i o n s .  I n  
an e f f o r t  t o  meet some of t h e s e  requi rements ,  t h e  Board w a s  fo rced  
t o  adopt  very narrow channel  spac ing ;  i . e . ,  i n  t h e  v i c i n i t y  of 
1 0 0  kc / s ,  a spac ing  of on ly  350 cps was provided between ad jacen t  
a s s ignab le  f r equenc ie s .  Thus, 58 a s s i g n a b l e  f r equenc ie s  w e r e  
a v a i l a b l e  between 90-110 kc/s  (89.75-90.1, 90.45. . . . 1 0 9 . 7  - 
110.05, e tc . )  and t h e  Board made 158 d i s c r e t e  ass ignments  on t h e s e  
f r equenc ie s  t o  t h e  f i x e d  and mari t ime mobile s t a t i o n s  of 51  s e p a r a t e  
a d m i n i s t r a t i o n s .  
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The Ext raord inary  Admin i s t r a t ive  Radio Conference convened i n  
Geneva i n  1951 f o r  the purpose of developing a procedure whereby 
t h e  A t l a n t i c  C i ty  T a b l e  of Frequency Al loca t ions  would be brought  
i n t o  f o r c e .  Among o t h e r  t h i n g s ,  t h e  EARC adopted t h e  D r a f t  Fre- 
quency L i s t  f o r  t h e  band 14-150 kc/s  prepared  by t h e  PFB thereby  
g i v i n g  I n t e r n a t i o n a l  R e g i s t r a t i o n  S t a t u s  t o  t h e  approximately 
160  f requency assignments  made by t h e  Board i n  t h e  band 90-110 kc/ 
Under t h e  A t l a n t i c  C i ty  Regula t ions  , a frequency assignment  wi th  
R e g i s t r a t i o n  S t a t u s  ' s h a l l  have t h e  r i g h t  t o  i n t e r n a t i o n a l  pro- 
t e c t i o n  from harmful  i n t e r f e r e n c e . '  

's . - 

U.S. Proposa l  t o  t h e  Geneva Radio Conference (1959) 

The Loran-C system w a s  brought  t o  o p e r a t i o n a l  s t a t u s  du r ing  
t h e  pe r iod  1952-1956. The f i r s t  o p e r a t i o n a l  cha in  was i n s t a l l e d  
a long  t h e  e a s t  c o a s t  of t h e  United States i n  1957. Subsequent ly ,  
Loran-C cha ins  w e r e  cons t ruc t ed  i n  t h e  Eas t e rn  Mediterranean Sea 
and i n  t h e  Nor theas t  A t l a n t i c .  I n  view of t h e  r a p i d  expansion 
t a k i n g  p l a c e ,  the United States Delega t ion  t o  t h e  Geneva Radio 
Conference (1959) proposed t h a t  t h e  frequency band 90-110 kc/s  
be a l l o c a t e d  on a world-wide b a s i s  t o  t h e  r a d i o  nav iga t ion  ser- 
v i c e .  For a number of t e c h n i c a l ,  p o l i t i c a l ,  and economic reasons  
t h i s  proposa l  was unacceptable  t o  a few a d m i n i s t r a t i o n s  and it 
w a s  necessary  aga in  t o  seek a compromise. A f t e r  lengthy  cons idera-  
t i o n s  of t h e  matter, it was agreed t h a t  t h e  b a s i c  a l l o c a t i o n  of t h e  
band t o  f i x e d ,  m a r i t i m e  mobile ,  and r a d i o  nav iga t ion  s e r v i c e s  re- 
main unchanged. I n  ITU Region 2 ,  (North and South America) t h e  
Radio Navigat ion Se rv ice  w a s  des igna ted  t h e  'pr imary s e r v i c e ' .  
I n  I T U  Regions 1 and 3 t h e  t h r e e  s e r v i c e s  have equa l  r i g h t s .  

The I n t e r n a t i o n a l  and Na t iona l  Regulatory S t a t u s  of Loran-C ( 1 9 6 2 )  

In t roduc t ion  

I n  t h i s  s e c t i o n ,  t h e  Loran-C system i s  examined wi th  r e s p e c t  
t o :  

1. I ts  i n t e r n a t i o n a l  and n a t i o n a l  r e g u l a t o r y  s t a t u s  a s  a 
s p e c i f i c  type  of one of t h e s e  g e n e r a l  s e r v i c e s  au thor -  
i z e d  t o  ope ra t e  i n  t h e  frequency band 90-110 kc / s .  

2 .  I t s  s t a t u s  a s  a b a s i c  p o l i c y  of t h e  United S t a t e s  wi th  
r e s p e c t  t o  long d i s t a n c e  a i d s  t o  nav iga t ion .  

3 .  I ts  s t a t u s  a s  a b a s i c  component i n  t h e  United s t a t e s  
system of r a d i o  a i d s  t o  m a r i t i m e  nav iga t ion .  

I n t e r n a t i o n a l  Regulatory Cons idera t ions  

The frequency a l l o c a t i o n  table of A r t i c l e  5 of Geneva (1959) 
Radio Regula t ions  f o r  t h e  frequency band 90-110 kc /s  i s  shown i n  
Table  6 . 5 .  

With r e f e r e n c e  t o  Regulat ion 1 6 6 ,  it should  be noted  t h a t  t h e  
language shown i s  t h a t  appear ing  i n  t h e  document s igned  by t h e  United 
States Delegat ion i n  Geneva i n  December 1959. I n  t h e  f i n a l  p r i n t e d  
v e r s i o n  of t h e  Radio Regula t ions  ( t h e  s o - c a l l e d  'g reen  b o o k ' ) ,  t h e  
word 'agreement '  has  been s u b s t i t u t e d  f o r  t h e  word 'arrangement '  i n  
t h e  l a s t  and i n  t h e  n e x t - t o - l a s t  sen tence .  A few words concerning 
t h i s  p o i n t  appear  t o  be i n  o rde r .  
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I n  cons ide ra t ion  of  t h e  s a f e t y  of  l i f e  a s p e c t  involved ,  t h e  
U.S. Delega t ion  a t  t he  Geneva Conference took t h e  p o s i t i o n  t h a t  
t he  r a d i o  nav iga t ion  s e r v i c e  should  e i t h e r  have ' e x c l u s i v e '  o r  
'pr imary s e r v i c e '  s t a t u s  i n  a band. I n  g e n e r a l ,  t h i s  concept  w a s  
suppor ted  by t h e  ma jo r i ty  of  t h e  d e l e g a t i o n .  However, due t o  t h e  
l a r g e  number of e x i s t i n g  f i x e d  and m a r i t i m e  mobile o p e r a t i o n s  i n  
t h e  bands between 70 and 130 kc/s  and t h e  f a c t  t h a t  t h i s  agree-  
ment on a ' s i n g l e  system of  radio nav iga t ion '  had n o t  been reached ,  
a ma jo r i ty  of t h e  d e l e g a t i o n s  r e p r e s e n t i n g  Region 1 and Region 3 
was unwi l l i ng  t o  g ive  t h e  r a d i o  nav iga t ion  s e r v i c e  e i t h e r  ex- 
c l u s i v e  o r  'pr imary s e r v i c e '  s t a t u s  i n  the  band 90-110 k c / s .  
Never the less ,  i n  r e c o g n i t i o n  of  t h e  s a f e t y  a s p e c t  involved ,  it was 
agreed  t h a t  t h e  ope ra t ion  of s p e c i f i c  r a d i o  nav iga t ion  should  be 
subject t o  arrangement between admin i s t r a t ions  involved  and t h a t  
having  been e s t a b l i s h e d ,  pu r suan t  t o  such arrangements ,  t h e s e  
r a d i o  nav iga t ion  s t a t i o n s  should be p r o t e c t e d  from harmful  i n t e r -  
f e rence .  The arrangements envisaged  by t h e  U.S. p a r t i c i p a n t s  
were b i - l a t e r a l  unders tandings  a t  t h e  t e c h n i c a l  l e v e l  similar t o  
those  under which p r o v i s i o n  had been made f o r  ope ra t ion  of  t h e  
then  e x i s t i n g  European Loran-C s t a t i o n s  and t h e  Canadian Decca 
cha ins .  

To avoid confusion wi th  t h e  formal  I T U  mechanism known a s  
a ' s p e c i a l  agreement' which i s  de f ined  i n  t h e  Telecommunications 
Convention and f o r  which s p e c i a l  procedures  a r e  p r e s c r i b e d  i n  t h e  
Radio Regula t ions  , t h e  word 'arrangement '  was s e l e c t e d  by t h e  
d r a f t e r s  of Regula t ions  1 6 4  and 1 6 6 .  Subsequent t o  t h e  s i g n i n g  
of t h e  'whi te  document, '  a s p e c i a l  e d i t o r i a l  committee appoin ted  
by t h e  conference r e t a i n e d  t h e  word 'arrangement '  i n  Regulat ion 
164 which provides  f o r  r a d i o  nav iga t ion  i n  Region 2 i n  t h e  bands 
70-90 kc/s  and 110-130 kc/s  b u t  s u b s t i t u t e d  t h e  word 'agreement '  
f o r  t h e  word 'arrangement '  i n  Regula t ion  1 6 6 .  It  w a s  n o t  t h e  
i n t e n t  of t h e  E d i t o r i a l  Committee t o  change the meaning of a 
r e g u l a t i o n ;  t h e r e f o r e ,  it has  been assumed t h a t  t h e  two words 
are synonymous. From t h e  fo rego ing ,  t h e  b a s i c  r e g u l a t o r y  s t a t u s  
of Loran-C ope ra t ion  i n  t h e  band 90-110 kc/s  i n  va r ious  a r e a s  of 
the world may be summarized as fo l lows:  

1. I n  I T U  Region 2 t h e  r a d i o  nav iga t ion  s e r v i c e  i s  t h e  
primary s e r v i c e .  Therefore ,  Loran-Cooperat ions a r e  
e n t i t l e d  t o  p r o t e c t i o n  from harmful  i n t e r f e r e n c e  
from t h e  o t h e r  au tho r i zed  s e r v i c e s  ( f i x e d  and m a r i -  
t i m e  mobi le ) .  

2 .  I n  I T U  Regions 1 and 3 ,  t h e  f requency band i s  e q u a l l y  
sha red  by s t a t i o n s  of t h e  f i x e d ,  maritime mobile ,  and 
r a d i o  nav iga t ion  s e r v i c e s  ( t h e  o r d e r  of l i s t i n g  i s  
a l p h a b e t i c a l  and does n o t  i n d i c a t e  relative p r i o r i t y ) .  
However, Footnote  166  i s  a p p l i c a b l e  t o  t h e  e n t i r e  
band 90-110 k c / s  and s t i p u l a t e s  t h a t  ' i n  these reg ions  
du r ing  t h e  pe r iod  p r i o r  t o  t h e  i n t e r n a t i o n a l  adopt ion  
of any long d i s t a n c e  r a d i o  nav iga t ion  system, t h e  
ope ra t ion  of s p e c i f i c  r a d i o  nav iga t ion  s t a t i o n s  s h a l l  
be subject t o  agreements between a d m i n i s t r a t i o n s  whose 
s e r v i c e s  may be a f f e c t e d . '  

I n  a d d i t i o n  t o  t h e  g e n e r a l  requirement  ( A r t i c l e  4 7  of t h e  
Convention) , t h a t  ' a l l  s t a t i o n s  must be e s t a b l i s h e d  and opera ted  
i n  such a manner as n o t  t o  r e s u l t  i n  harmful  i n t e r f e r e n c e  t o  the  
r a d i o  s e r v i c e s  of o t h e r  a d m i n i s t r a t i o n s , '  Footnote  1 6 6  imposes an 
a d d i t i o n a l  requirement  on p u l s e  system ope ra t ion  i n  t h e  band 90- 
1 1 0  kc/s  by s t i p u l a t i n g  t h a t  ' emiss ions  from t r a n s m i t t e r s  of such 
systems must be conf ined  w i t h i n  t h e  band and s h a l l  n o t  cause  harm- 
f u l  i n t e r f e r e n c e  t o  s t a t i o n s  o u t s i d e  t h e  band.'  The phrase  ' e m i s -  
s i o n s  must be conf ined  w i t h i n  t h e  band '  must be reasonably  i n t e r -  
p r e t e d  t o  mean t h a t  n o t  more than  one p e r  c e n t  of t h e  t o t a l  energy 
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r a d i a t e d  s h a l l  be o u t s i d e  t h e  band 90-110 k c / s .  That i s ,  t h e  
'occupied bandwidth' a s  de f ined  by t h e  Radio Regula t ions  s h a l l  
no t  exceed 20  k c / s  s i n c e  a s t r i c t  l i t e r a l  i n t e r p r e t a t i o n  of t h i s  
phrase  would, pe r  se ,  prec lude  t h e  ope ra t ion  of any p u l s e  system 
i n  t h e  band. On t h e  o t h e r  hand, t h e  phrase  ' s h a l l  n o t  cause 
harmful  i n t e r f e r e n c e  o u t s i d e  t h e  band . . . ' c l e a r l y  imposes a 
l i m i t a t i o n  on p u l s e  systems over  and above t h a t  imposed by t h e  
d e f i n i t i o n s  from t h e  Radio Regula t ions ,  Geneva, 1959, A r t i c l e  
1, Sec t ion  111, Technica l  C h a r a c t e r i s t i c s ,  have been e x t r a c t e d  
and a r e  given below. 

85-Assigned Frequency : The c e n t r e  of t he  frequency band 
ass igned  t o  a s t a t i o n .  

89-Assigned Frequency Band: The frequency band t h e  c e n t r e  
of which co inc ides  wi th  t h e  frequency ass igned  t o  t h e  sta- 
t i o n  and t h e  width of which equa l s  t h e  necessary  bandwidth 
p l u s  twice t h e  abso lu te  va lue  of t h e  frequency t o l e r a n c e .  

90-Occupied Bandwidth: For  a given class of emiss ion ,  t h e  
minimum va lue  of t h e  occupied bandwidth s u f f i c i e n t  t o  en- 
sure t h e  t r ansmiss ion  of in format ion  a t  t h e  r a t e  and wi th  
t h e  q u a l i t y  r equ i r ed  f o r  t h e  system employed, under s p e c i f i e d  
cond i t ions .  Emissions u s e f u l  f o r  t h e  good func t ion ing  of t h e  
r e c e i v i n g  equipment as, f o r  example, t h e  emission correspond- 
i n g  t o  t h e  c a r r i e r  o r  reduced c a r r i e r  systems,  s h a l l  be  i n -  
c luded i n  t h e  necessary  bandwidth. 

Under t h e  U.S. Communications A c t  of 1934, r a d i o  communication 
s t a t i o n s  opera ted  by agencies  of t h e  f e d e r a l  government are excluded 
from t h e  l i c e n s i n g  a u t h o r i t y  of  t h e  Fede ra l  Communications Commission 
(FCC). The r e g u l a t i o n  of f e d e r a l  government r a d i o  communication 
f a c i l i t i e s  i s  t h e  r e s p o n s i b i l i t y  of  t h e  P res iden t .  By Execut ive 
Order ,  t h e  P r e s i d e n t  has  d i r e c t e d  t h a t  f requency assignments  and b a s i c  
r e g u l a t i o n s  governing f e d e r a l  government r a d i o  communication f a c i l i t i e s  
s h a l l  be made i n  h i s  beha l f  by t h e  In te rdepar tment  Radio Advisory Com- 
m i t t e e  ( I R A C )  . I n  accordance wi th  t h i s  d i r e c t i v e ,  a l l  o p e r a t i n g  U.S. 
Loran-C s t a t i o n s  have been duly  au tho r i zed  by t h e  In te rdepar tment  
Radio Advisory Committee t o  ope ra t e  i n  t h e  frequency band 90-110 kc /s .  
A l l  o t h e r  U.S. opera t ions  i n  t h i s  band are on a secondary b a s i s .  

S ince  1 9 6 2 ,  t h e  d a t e  of Jansky and B a i l e y ' s  r e p o r t ,  no s i g n i f i c a n t  r e g u l a t o r y  

changes have been made. I t  i s  i n t e r e s t i n g  t o  note  t h a t  t h e  gu ide l ine  of keeping 
9 9  pe rcen t  of t h e  r a d i a t e d  power w i t h i n  t h e  .90- t o  110-kHz band h a s ,  t o  some e x t e n t ,  
r e s u l t e d  i n  a power bandwidth t r a d e - o f f .  Inc reas ing  t h e  l eng th  of t h e  p u l s e  a l s o  
i n c r e a s e s  t h e  percentage  of power w i t h i n  the  band, which i s  a way of s a t i s f y i n g  t h e  
r e g u l a t i o n ,  b u t ,  o the rwise ,  i s  of n o t  va lue  t o  t h e  system. A s  a r e s u l t  of t h e s e  con- 
s i d e r a t i o n s ,  bo th  longer  p u l s e - r i s e  times and h ighe r  peak-pulse  powers are used i n  
t h e  o p e r a t i o n a l  system, than  w e r e  used i n  t h e  e a r l y  tests. 

Notch f i l t e r s  a r e  used i n  o r d e r  t o  cope wi th  t h e  problem of having cw s i g n a l s  
w i t h i n  t h e  passband of t he  Loran-C r e c e i v e r .  
ters. 
shape of t h e  pu l ses  t o  some e x t e n t  and may l e a d  t o  sma l l  i naccurac i e s  i n  t h e  t i m e -  
d i f f e r e n c e  r ead ings .  

Most r e c e i v e r s  i n c l u d e  two such f i l -  
O r d i n a r i l y ,  t h e  f i l t e r s  a r e  used only  when necessary  a s  they  d i s t o r t  t h e  

T a b l e  6 .5 ,  which f u r t h e r  d e f i n e s  t h e  frequency a l l o c a t i o n s ,  i s  a l s o  quoted from 

Jansky and Bai ley ( 1 9 6 2 ) .  
i n f luenced  by t h e  Department of T ranspor t a t ion  Nat iona l  P lan  f o r  Navigat ion (1970). 

The f u t u r e  of t he  Loran-C development w i l l  probably be 
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T a b l e  6.5. Frequency Allocations to Services 

NOTE : Primary 

R E G I O N  1 

90-110 
FIXED 
MARITIME MOBILE 158 
RADIO NAVIGATION 
163 166  1 6 7  

R E G I O N  2 

RADIO NAVIGATION 
Fixed 
M a r i t i m e  Mobile 158 
1 6 6  1 6 7  

R E G I O N  3 

90-110 
FIXED 
MARITIME MOBILE 158 
RADIO NAVIGATION 
1 6 6  1 6 7  

s e r v i c e s  i n  c a p i t a l  le t ters .  

163) I n  Albania ,  Bu lga r i a ,  Hungary, Poland,  Roumania, 
Czechoslovakia ,  and t h e  USSR, t h e  band 80-150 kc/s  is 
a l l o c a t e d  on a secondary b a s i s  t o  t h e  a e r o n a u t i c a l  and 
land  mobile s e r v i c e s  wh i l e  w i t h i n  and between t h e s e  
c o u n t r i e s  t h e s e  s e r v i c e s  s h a l l  have equa l  r i g h t  t o  
ope ra t e .  

1 6 6 )  The development and ope ra t ion  of long  d i s t a n c e  
r a d i o  nav iga t ion  systems a r e  au tho r i zed  i n  t h i s  band, 
which w i l l  become e x c l u s i v e l y  a l l o c a t e d ,  wholly o r  i n  
p a r t ,  t o  t h e  r a d i o  nav iga t ion  s e r v i c e  f o r  t h e  use  of 
any one such system as soon as it i s  i n t e r n a t i o n a l l y  
adopted. Other cons ide ra t ions  be ing  e q u a l ,  p re fe rence  
should be given t o  t h e  system r e q u i r i n g  t h e  minimum I 

bandwidth f o r  world-wide s e r v i c e  and caus ing  t h e  l e a s t  
harmful  i n t e r f e r e n c e  t o  t h e  o t h e r  s e r v i c e s .  I f  a p u l s e  
r a d i o  nav iga t ion  system is employed, t h e  p u l s e  emiss ions  
s h a l l  neve the le s s  be conf ined  w i t h i n  t h e  band 90-110 kc/s  
and s h a l l  n o t  cause  harmful  i n t e r f e r e n c e  o u t s i d e  t h e  band 
t o  s t a t i o n s  o p e r a t i n g  i n  accordance wi th  t h e  Regula t ions .  
I n  Regions 1 and 3 ,  dur ing  t h e  pe r iod  p r i o r  t o  t h e  i n t e r -  
n a t i o n a l  adopt ion  of any long d i s t a n c e  r a d i o  nav iga t ion  
system, t h e  ope ra t ion  of s p e c i f i c  r a d i o  nav iga t ion  whose 
s e r v i c e s ,  o p e r a t i n g  i n  accordance wi th  t h e  T a b l e ,  may be 
a f f e c t e d .  Once e s t a b l i s h e d  under such arrangements ,  r a d i o  
nav iga t ion  s t a t i o n s  s h a l l  be p r o t e c t e d  from harmful  
i n t e r f e r e n c e .  
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7 .  LORAN-C T I M I N G  

7 .1  Background 

Loran-C could have been used f o r  t i m e  d i s semina t ion  from the very beginning ,  b u t  
that  use  of t h e  system d i d  n o t  develop u n t i l  about  15 yea r s  l a t e r .  Broadly speaking ,  
t h e  development e f f o r t  i n  lo ran- type  systems w a s  d i r e c t e d  toward ach iev ing  t h e  g r e a t e s t  
p o s s i b l e  n a v i g a t i o n a l  accuracy a t  t h e  g r e a t e s t  p o s s i b l e  range.  The basic cons ide ra t ions  
were t o  relate t i m e  and d i s t a n c e  t o  t h e  v e l o c i t y  of propagat ion ,  and t o  develop appro- 
p r i a t e  measurement techniques .  While nav iga t ion  was t h e  s o l e  mot iva t ion  f o r  t h e  e f f o r t ,  
it i s  a f a i r  guess  t h a t  i s  t h e  o b j e c t i v e  had been t o  develop a t iming  system, a funda- 

menta l ly  s i m i l a r  system would have r e s u l t e d .  

7 . 2  T i m e  and Dis tance  

I t  i s  c h a r a c t e r i s t i c  of e l ec t romagne t i c  r a d i a t i o n  t o  t r a v e l  a t  t h e  same v e l o c i t y  
a t  a l l  times i n  a homogeneous medium. I f  a p e r i o d i c  s i q n a l  i s  maintained phase-coherent  
w i th  a r e fe rence  c lock ,  and i f  t h i s  s i g n a l  i s  r ece ived  from t i m e  t o  t i m e  by an observer  
whose p o s i t i o n  remains f i x e d  wi th  r e s p e c t  t o  t h e  t r a n s m i t t e r ,  t h e  i n d i c a t e d  t i m e  d i f f e r -  
ence between t h e  r e fe rence  c lock  and t h e  o b s e r v e r ' s  c lock  w i l l  remain c o n s t a n t ,  provided 
t h e  o b s e r v e r ' s  c lock  i s  running a t  t h e  same rate a s  t h e  r e f e r e n c e  c lock .  The accuracy 

of t h e  o b s e r v e r ' s  measurement of t i m e  d i f f e r e n c e  i s  l i m i t e d  by h i s  knowledge of t h e  d i s -  
t ance  between the  t r a n s m i t t e r  and r e c e i v e r ,  t he  r a d i o  r e f r a c t i v e  index  a t  a l l  p o i n t s  
a long  t h e  p a t h ,  and t h e  propagat ion  de lay  of h i s  r e c e i v i n g  equipment t o  t h e  s i g n a l .  The 
r e s o l u t i o n  of t h e  measurement i s  l i m i t e d  by t h e  u n c e r t a i n t y  a s s o c i a t e d  wi th  h i s  knowl- 
edge of t h e  s a m e  parameters .  

T i m e ,  as normally used f o r  nav iga t ion  f u n c t i o n s ,  r e l a t e s  t o  t h e  p o s i t i o n  of t h e  
e a r t h  i n  t h e  s o l a r  system and i s  measured i n  u n i t s  r e l a t e d  t o  t h e  r o t a t i o n  of t h e  e a r t h .  
For many o t h e r  a p p l i c a t i o n s ,  however, a m o r e  uniform t i m e  scale i s  needed t h a t  does n o t  
vary  wi th  changes i n  t h e  e a r t h ' s  r o t a t i o n  r a t e .  For t h e s e  needs ,  a tomic t i m e  s c a l e s  
have been developed t h a t  accumulate cyc le s  of a wel l -def ined  frequency c h a r a c t e r i s t i c  
of atomic cesium-133. S ince  1 9 6 7 ,  t h e  s c a l e  u n i t ,  t h e  second,  has  been de f ined  i n  
terms of cesium by i n t e r n a t i o n a l  agreement. A compromise t i m e  s c a l e  c a l l e d  UTC 

(Universa l  T i m e  Coordinated)  is  now used widely th rough t  t h e  world.  This  s c a l e  i s  
based on t h e  atomic second as de f ined  by cesium. I t  i n c o r p o r a t e s  occas iona l  s t e p s  
(1 p e r  y e a r )  of e x a c t l y  1 sec t o  keep UTC w i t h i n  0 . 7  sec of t h e  UT-1  ear th-based  s c a l e  
needed f o r  nav iga t ion .  

I n  e i t h e r  case, t h e  u n i t s  of t i m e  a r e  based on p e r i o d i c  phenomena. The charac-  
t e r i s t ic  u n i t  of t i m e  of a c lock  i s  determined by measuring t h e  e l apsed  t i m e  between 
two success ive  p e r i o d i c  e v e n t s ,  e . g . ,  p o s i t i v e  going ze ro  c r o s s i n g s  of a s i n e  wave, 
o r  s u n r i s e s .  A d e t a i l e d  d i scuss ion  of t i m e  and i t s  de termina t ion  are beyond t h e  scope 
of t h i s  w r i t i n g .  W e  add only t h a t  a t i m e  s c a l e  c o n s i s t s  of a sys t ema t i c  ass ignment  
of "da te s"  t o  p e r i o d i c  e v e n t s ,  and t h a t  t h e  "accuracy" of a clock r e f e r s  t o  t h e  t i m e  
d i f f e r e n c e  between t h a t  c lock and some o t h e r  c lock des igna ted  a s  the "master"  
o r  "s tandard"  f o r  that p a r t i c u l a r  t i m e  s c a l e .  
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To e x p l a i n  the  d i s t r i b u t i o n  of  t h e  t i m e  scale by Loran-C, i t  i s  convenient  t o  
v i s u a l i z e  a Loran-C t r a n s m i t t e r  as t h e  clock which d e f i n e s  t h e  time scale,  and then  

l e t  t h e  t r ansmiss ion  be such t h a t  a tagged p o i n t  on a p u l s e  occurs  p r e c i s e l y  a t  t h e  
beginning of e s t a b l i s h e d  i n t e r v a l s  on t h e  t i m e  s c a l e .  
main ta in  t h e  r e l a t i o n s h i p  shown i n  f i g u r e  7 . 1  i s  t o  o b t a i n  a l l  t he  f r equenc ie s  used i n  
t h e  Loran-C t r a n s m i t t e r  from t h e  o s c i l l a t o r  t h a t  d r i v e s  t h e  c lock .  

The obvious way t o  accomplish and 

The Loran-C t r ansmiss ions  are timed by a l i g n i n g  t h e  format  wi th  t h e  UTC t i m e  scale. 
The format  does n o t  con ta in  a s imple  once-per-second p u l s e  t r a i n  t h a t  i s  convenient  f o r  
t iming  u s e ,  b u t  t h e r e  i s  a p e r i o d i c  co inc idence  between t h e  lo ran  p u l s e  t r a i n  and a Once- 
per-second p u l s e  t r a i n .  Coincidence tables are provided by t h e  U.S. Naval Observatory 
f o r  each l o r a n  cha in ,  making it p o s s i b l e  f o r  u se r s  t o  i d e n t i f y  t h e  co inc idence  p u l s e s  

and t h u s  o b t a i n  t i m e .  

LORAN C 
PULSE 
(FIRST PULSE IN GROUP) 

/ANY SECOND 
I 

TIME - 
F i g u r e  7 . 1 .  T i m e - s c a l e  d i s t r i b u t i o n  by 

Loran - C t r a n s  m i  t t e r . 

When t h e  tagged p o i n t  i s  seen by an observer  a t  a d i s t a n c e  from t h e  t r a n s m i t t e r ,  
t h e  p o i n t  'on t h e  t i m e  s c a l e  which it r e p r e s e n t s  has  passed because t i m e  has  e l apsed  
n o t  only du r ing  t h e  propagat ion  of t he  s i g n a l  t o  t h e  obse rve r ,  bu t  a l s o  du r ing  propa- 
g a t i o n  through t h e  r e c e i v e r .  T i m e ,  a s  it appears  t o  the  observer  i s ,  t h e r e f o r e ,  
always slow. To se t  a c lock  c o r r e c t l y ,  it must be advanced r e l a t i v e  t o  t h e  r ece ived  
s i g n a l  by an amount depending on t h e  d i s t a n c e  from t h e  t r a n s m i t t e r  and t h e  c h a r a c t e r -  
i s t i c s  of t h e  i n d i v i d u a l  r e c e i v i n g  equipment. 

The t r ansmiss ion  t i m e  t o  t h e  observer  can be c a l c u l a t e d  and t h e  t i m e  r equ i r ed  t o  
propagate  through t h e  r e c e i v e r  can be measured. The proper  c lock  s e t t i n g  can be i l l u s -  
t r a t e d  by t h e  fo l lowing  example. Assume t h a t  t h e  observer  i s  1 0 0 0  nmi from t h e  t r a n s -  
m i t t e r  and t h e  t r ansmiss ion  t i m e  has  been computed a s  a c c u r a t e l y  a s  p o s s i b l e :  

Transmission t i m e  6176.3 us 
Receiver  de l ay  25.0 

6201.3 us 

The clock should be s e t  t o  read  .0062013 sec when t h e  tagged p o i n t ,  which co r re s -  
ponds t o  t h e  beginning  of a second,  appears  a t  t h e  r e c e i v e r  ou tpu t .  
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The above d i scuss ion  assumed an observer  i n  a f i x e d  l o c a t i o n  makinq t ime-di f fe rence  
measurements between rece ived  t i m e  s i q n a l s  and h i s  own c lock .  Such an observer  could 

make b e n e f i c i a l  comparisons even though he might n o t  have confidence i n  h i s  knowledqe 
of the  t r a v e l  t i m e  of t h e  r a d i o  wave, f o r  he could compare t h e  r a t e  of h i s  c lock t o  t h e  

rate of t h e  Loran-C c lock .  H e  could c a l i b r a t e  h i s  c lock by c a r r y i n g  a wor tab le  c lock 
t o  t h e  Loran-C c lock ,  and i n  so  doing he would a l s o  be c a l i b r a t i n q  t h e  t r a v e l  t i m e  of 
t h e  r a d i o  wave. H e  would then  be i n  a p o s i t i o n  t o  make accu ra t e  t i m e  a s  w e l l  a s  r a t e  
comparisons i n  t h e  f u t u r e .  

The f a c t  t h a t  an observer  i n  a f i x e d  l o c a t i o n  can make b e n e f i c i a l  comparisons 
wi thou t  knowledqe of t h e  r a d i o  pa th  l eads  t o  impor tan t  o n p o r t u n i t i e s  f o r  makinq t i m e  
comparisons between two f i x e d  l o c a t i o n s  both  of which r ece ive  a p a r t i c u l a r  r a d i o  t r a n s -  
mission having i d e n t i f i a b l e  t i m e  marks. I f  t h e  two s t a t i o n s  can occas iona l ly  measure 
t i m e  d i f f e r e n c e  between a p a r t i c u l a r  rece ived  t i m e  mark and t h e i r  own c l o c k s ,  they  can 
determine t h e  d i f f e r e n c e s  i n  t h e  r a t e s  between each clock and t h e  c lock  a t  t h e  Loran-C 
t r a n s m i t t e r  and thence t h e  r a t e  d i f f e r e n c e  between t h e i r  two c locks .  A p o r t a b l e  c lock 
c a r r i e d  once between t h e  two c locks  would permi t  f u t u r e  t ime-di f fe rence  comparisons. 
I n  summary, a c lock may be s e t  t o  the  accuracy wi th  which t h e  propagat ion  de lay  from 
t h e  t r a n s m i t t e r  t o  t h e  r e c e i v e r  can be p r e d i c t e d .  But i f  p r e d i c t i n q  t h e  propagat ion  
de lay  i s  no t  convenient ,  c lock comparisons can be made us ing  methods desc r ibed  above. 

These a p p l i c a t i o n s  of r a d i o  t r ansmiss ions  f o r  t i m e  d i f f e r e n c e  and clock r a t e  com- 
pa r i sons  are n o t  unique t o  Loran-C, b u t  t h a t  system i s  p a r t i c u l a r l y  u s e f u l  because of 
t h e  e x i s t e n c e  of many powerful Loran t r a n s m i t t e r s  around t h e  world,  t h e  s t a b l e  propa- 
g a t i o n  c h a r a c t e r i s t i c  of t h e  100-kHz groundwave, and t h e  s u i t a b i l i t y  of t h e  Loran-C 
format .  

1.3 Evolut ion of Timing Requi'rements 

For y e a r s ,  t i m e  s i g n a l s  have been b roadcas t  by WWV and s i m i l a r  s t a t i o n s  i n  
s e v e r a l  c o u n t r i e s .  The v a r i a b i l i t y  of i onosphe r i c  propagat ion  a t  H F  i n t roduces  
errors of a few mi l l i s econds ,  b u t  t h a t  ma t t e r s  l i t t l e  t o  many u s e r s .  

VLF t ransmiss ion  of t i m e  s i g n a l s  o f f e r s  l i t t l e  improvement i n  t iming  accuracy 
because of  t h e  very slow r i s i n g  p u l s e s .  The much g r e a t e r  s t a b i l i t y  of VLF propaga- 
t i o n ,  however, has  made it p o s s i b l e  t o  compare frequency s t anda rds  wi th  a h igh  degree 
of p r e c i s i o n ,  and,  consequent ly ,  t o  compare t h e  clock r a t e s .  But t h e  accuracy wi th  
which widely s e p a r a t e d  c locks  could  be s e t  t o  agree  i s  s t i l l  l i m i t e d  t o  about  a 
mi l l i s econd ,  un le s s  s p e c i f i c  techniques  such as those  invo lv ing  c l o s e l y  spaced 
m u l t i p l e  f r equenc ie s  a r e  used.  

As e a r l y  as 1955, du r ing  t h e  Cytac f i e l d  tes ts ,  some exper imenta t ion  w a s  done by 
Sperry t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  of us ing  long-range i n v e r s e  hype rbo l i c  techniques  
f o r  r a d i o  l o c a t i o n .  S ince  t h e  Cytac system was o p e r a t i n g  on t h e  t es t  program f o r  an 

extended pe r iod  of t i m e ,  good t i m e  synchroniza t ion  was a v a i l a b l e .  I n  f a c t ,  if Cytac 
had n o t  been i n  e x i s t e n c e ,  t h e  thought  of an i n v e r s e ,  long-range hype rbo l i c  expe r i -  
ment probably would n o t  have occurred .  

95 



I n  t h e  i n i t i a l  exper iments ,  a b a r e  minimum of c lock  in s t rumen ta t ion  w a s  used.  A t  

t h a t  t i m e  t h e r e  w a s  l i t t l e  or no thought  of t iming-system requi rements ,  a t  least n o t  
from a systems p o i n t  of view, b u t  t h e  basic i d e a s  and techniques  f o r  a p r e c i s e  t iming  
system w e r e  be ing  genera ted  and t e s t e d .  Two yea r s  l a te r ,  beginning  i n  1957 and extend-  

i n g  i n t o  1958, NBS developed h igh ly  s p e c i a l i z e d  in s t rumen ta t ion  f o r  high-speed r eco rd ing  
of t h e  t i m e  of a r r i v a l  of t r a n s i e n t  s i g n a l s  (Hefley e t  a l .  1960) .  While t h i s  i n s t r u -  
menta t ion  d i d  n o t  i nvo lve  any new p r i n c i p l e s ,  it d i d  invo lve  new combinat ions of mea- 
s u r i n g  and r eco rd ing  techniques  that  la ter  a ided  t h e  development of a Loran-C t iming  
system. 
t i m e  r eadou t  and a high-speed framing camera t o  r eco rd  t h e  t i m e  and o t h e r  d a t a .  

The p r i n c i p a l  f e a t u r e s  of t h a t  i n s t rumen ta t ion  w e r e  an unambiguous b i n a r y  

I n  1958, Sper ry  c a r r i e d  o u t  f u r t h e r  r a d i o  l o c a t i o n  experiments  u s ing  one of t h e  
Cytac t r a n s m i t t e r s  and t h e  ground-monitoring r e c e i v e r s  f o r  t he  b a s i c  t i m e  synchroniza-  
t i o n  system. There w a s  no way t o  check t h e  c o r r e c t n e s s  of t h e  t iming  excep t  by t h e  
accuracy wi th  which a s i g n a l  sou rce  could  be l o c a t e d .  The r e s u l t s  w e r e  r a t h e r  good, 
b u t  a c t u a l l y  inconc lus ive  i n  a s t r ic t  s e n s e  i n  r ega rd  t o  proof-of- t iming accuracy.  
It  was e v i d e n t  t h a t  o t h e r  errors could have masked any inaccuracy  i n  t h e  t iming .  

A l l  t h e s e  t ime-synchroniza t ion  a p p l i c a t i o n s  were f o r  m i l i t a r y  purposes  and, a t  
t h a t  t i m e ,  Cytac w a s  s t i l l  p a r t i a l l y  c l a s s i f i e d .  Consequent ly ,  t h e r e  w a s  very  l i t t l e  
d i s semina t ion  of  t h e  newly acqui red  technology i n  t h e  f i e l d  of p r e c i s e  t iming .  Also,  
m i l i t a r y  uses  were s p e c i f i c  and d i d  n o t  contemplate  a t iming  system f o r  g e n e r a l  pur-  
pose use.  

The development of techniques  f o r  u s ing  Loran-C as an u n c l a s s i f i e d ,  genera l -  

purpose t iming  system began i n  1959, when t h e  A i r  Force Eas t e rn  GEEIA Region sought  
t h e  a s s i s t a n c e  of NBS t o  develop an improved t iming  system f o r  t h e  A t l a n t i c  Missile 

Range (AMR). However, t h e  i d e a  of us ing  Loran-C f o r  t h a t  purpose had been sugges ted  in-  
formal ly  by NBS a t  least a y e a r  ear l ie r .  The sugges t ion  d i d  n o t  draw much response  

i n i t i a l l y ,  and it i s  reasonable  t o  assume t h a t  t h e  i d e a  w a s  n o t  immediately accepted  
f o r  two b a s i c  reasons .  F i r s t ,  t h e r e  were very  few people  a t  t h a t  t i m e  who had even 
heard  of Loran-C, and s t i l l  fewer who ,had any t e c h n i c a l  unders tanding  of t h e  system. 
Second, t h e  t iming  accuracy which Loran-C could provide  was a t  least  1 0 0 0  t i m e s  g r e a t e r  
than  t h a t  of t h e  e x i s t i n g  t iming  system. I f  on ly  a percentage  improvement had been 
o f f e r e d ,  t h e  p roposa l  probably would have gained more r a p i d  acceptance.  The t r a n s i -  
t i o n  from mi l l i s econds  t o  microseconds w a s  a b i g  s t e p  -- almost  t o o  b i g .  

There were s e v e r a l  r a t h e r  compell ing reasons  f o r  propos ing  Loran-C f o r  AMR t iming .  
The E a s t  Coast  cha in  w a s  i n  cont inuous s e r v i c e  and provided adequate  coverage.  No 
o t h e r  long-range system could o f f e r  comparable accuracy.  While t h e  accuracy of Loran-C 
was much g r e a t e r  than  t h e  range r equ i r ed  a t  t h a t  t i m e ,  it seemed a v i r t u a l  c e r t a i n t y  
t h a t  new system developments would soon make use  of t h e  accuracy t h a t  could  be provided .  

A wide v a r i e t y  of obse rva t ions  were made i n  t h e  AMR t e s t i n g .  Nearly a l l  d a t a  W e r e  

r ecorded  as a func t ion  of t i m e .  The t i m e  base w a s  i n  the form of a t i m e  code s u i t a b l e  
f o r  t h e  p a r t i c u l a r  record ing .  The codes were d i s t r i b u t e d  from C e n t r a l  Cont ro l  t o  ob- 
s e r v i n g  s t a t i o n s  on t h e  mainland by ha rd  w i r e  and t o  t h e  down-range s t a t i o n s  by sub- 
marine cab le .  Such a d i s t r i b u t i o n  system w a s  s a t i s f a c t o r y  a s  long a s  a high degree  of 
t iming  accuracy w a s  n o t  r equ i r ed .  Gradual ly  it became e v i d e n t  t h a t  t h e  hard-wire  
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system was n o t  e n t i r e l y  adequate  f o r  e x i s t i n g  n e e d s ,  and i t  was a n t i c i p a t e d  t h a t  it 

would be  even less adequate  i n  t h e  f u t u r e .  

For  range-t iming purposes ,  a c lock was needed t h a t  could be opera ted  i n t e r m i t t e n t l y .  
I n  c o n t r a s t  t o  main ta in ing  one o r  more o s c i l l a t o r s  as a t i m e  o r  f requency s t anda rd ,  
o p e r a t i o n a l  requirements  c a l l e d  f o r  a c lock  i n  t h e  form of t h e  t y p i c a l  “black box” 

t h a t  could be turned  on ,  s e t ,  used f o r  a few hour s ,  and then  p u t  back on t h e  s h e l f  
f o r  t h e  n e x t  missile f l i g h t .  Such a requirement  v i r t u a l l y  r u l e d  o u t  t h e  use  of a l l  
r a d i o  systems excep t  Loran-C. Loran-C, be ing  p r imar i ly  a groundwave system and n o t  
s u b j e c t  t o  d i u r n a l  e f f e c t s ,  w a s  r a t h e r  i d e a l  f o r  t h e  purpose.  A f u r t h e r  impor tan t  
cons ide ra t ion  was t h a t ,  due t o  synchroniza t ion  techniques  i n h e r e n t  i n  t h e  system, 
r e l a t i v e l y  inexpens ive  o s c i l l a t o r s  could be used. That  i s ,  a cheap o s c i l l a t o r  syn- 
chronized  wi th  o r  s l a v e  t o  t h e  carrier frequency of t h e  master t r a n s m i t t e r  could 
d r i v e  a c lock  w i t h  the  same accuracy a s  t h e  mas ter  i t s e l f .  

Another a t t r i b u t e  of Loran-C f o r  t iming  w a s  t h a t ,  by v i r t u e  of t h e  s l a v i n g  tech-  
n ique ,  and us ing  t h e  groundwave on ly ,  no  c lock  could ga in  o r  l o s e  w i t h  r e s p e c t  t o  

any o t h e r  c lock i n  t h e  system. I n  c o n t r a s t ,  independent  c locks  always ga in  o r  l o s e  
i n  accordance wi th  t h e  accuracy and s t a b i l i t y  of t h e  frequency sources  from which 
they  are opera ted .  Presumably, a tomic s t anda rds  d e f i n e  an e x a c t  f requency,  b u t ,  
i n  p r a c t i c e ,  sma l l  v a r i a t i o n s  are always p r e s e n t .  Two c locks  o p e r a t i n g  on s e p a r a t e  
a tomic s t anda rds  could d r i f t  a p a r t  as much a s  a f e w  microseconds i n  a week .  The 
r e l a t i v e  ga in  o r  loss between two c locks  running a t  d i f f e r e n t  rates i s  shown i n  
f i g u r e  7 . 2 .  I t  i s  immediately apparent  t h a t  when agreement among c locks  is impor tan t ,  
use  of t h e  s l a v i n g  technique  is a d e f i n i t e  n e c e s s i t y .  
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F i g u r e  7 . 2 .  R e l a t i v e  g a i n  o r  l o s s  of i n d e p e n d e n t  c l o c k s  
a s  a f u n c t i o n  of c l o c k - f r e q u e n c y  e r r o r .  
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7 . 4  The Loran-C Clock 

7 . 4 . 1  General  

The t e r m ,  "Loran-C Clock" (Doherty e t  a l .  1961b) , r e f e r s  t o  a group of e l e c t r o n i c  
dev ices  assembled t o g e t h e r  and i n t e r r e l a t e d  i n  such a way t h a t  t i m e ,  a s  de r ived  from 
Loran-C s i g n a l s ,  i s  d i sp layed  i n  a convent iona l  manner. 
f o r  demonstrat ion a t  t he  AMR c o n s i s t e d  of t h e  fo l lowing  major components: 

Two developmental  c locks  b u i l t  

( a )  Loran-C t iming  Fece iver  , 
(b) l o c a l  o s c i l l a t o r  and phase-lock s e r v o ,  
(c) d i v i d e r  cha in ,  
(d )  readout  r e g i s t e r  and d i s p l a y ,  
(e) power s u p p l i e s  and t e s t  o s c i l l o s c o p e  , 
( f )  WWV r e c e i v e r .  

One of t h e  c locks  i s  shown i n  f i g u r e  7.3. 

Figure 7.3. Loran-C C l o c k .  

7.5 Timinq Receiver 

A convent iona l  nav iga t ion  r e c e i v e r ,  wi th  a p p r o p r i a t e  m o d i f i c a t i o n s ,  can be used f o r  
t iming ,  however, many of t h e  func t ions  t h a t  are necessary  i n  a nav iga t ion  r e c e i v e r  are 
n o t  needed f o r  t iming .  It  was much more p r a c t i c a l  and economical t o  have a r e c e i v e r  
designed s p e c i f i c a l l y  f o r  the s p e c i a l  purpose.  I n  a t iming  r e c e i v e r ,  synchron iza t ion  
with only  one t r a n s m i t t e r  a t  a t i m e  i s  needed, t h e r e f o r e ,  two of t h e  three sets of phase 
and envelope se rvos  were de le t ed .  S ince  t h e  t iming  r e c e i v e r  was in tended  f o r  f i x e d  

ope ra t ion  on ly ,  t h e  r a t e  s e rvos  were a l s o  d e l e t e d .  
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Some f e a t u r e s  needed i n  a t iming  r e c e i v e r  t h a t  were not  included i n  a navigation 
receiver were : 

(a )  p r o v i s i o n  t o  select  e i t h e r  master o r  s lave-phase  code, 
(b )  a m e t e r  i n d i c a t o r  (wi th  ou tpu t  connec tors  f o r  a r e c o r d e r )  t o  

show t h e  amplitude of  t h e  d e s i r e d  r f  c y c l e ,  
( c )  a s e p a r a t e ,  manually a d j u s t a b l e  phase s h i f t e r  f o r  f i n e  s e t t i n g  

of t h e  c l o c k ,  
(d )  tempera ture  compensation t o  p reven t  phase d r i f t .  

D e t a i l e d  s p e c i f i c a t i o n s  f o r  a Loran-C t iming  r e c e i v e r  were w r i t t e n  by NBS and 
an o r d e r  f o r  f o u r  r e c e i v e r s  w a s  p l aced  on compet i t ive  b i d .  Sper ry  Gyroscope C o .  w a s  
t h e  s u c c e s s f u l  b idde r .  I n  1962, more complete t iming- rece ive r  s p e c i f i c a t i o n s  were 
developed j o i n t l y  by NBS, t h e  Naval Observa tory ,  and t h e  AMR. These s p e c i f i c a t i o n s  
were d i s t r i b u t e d  as an NBS r e p o r t  (Lidkea e t  a l .  1962). 

7.6 .  Div ider  Chain and Clock Readout 

The l o c a l  o s c i l l a t o r  and phase s e r v o  loop  i n  t h e  t iming  r e c e i v e r  w e r e  e n t i r e l y  
e q u i v a l e n t  i n  p r i n c i p l e  t o  those  used i n  nav iga t ion  r e c e i v e r s  b u t  d i f f e r e d  cons ider -  
ab ly  i n  d e t a i l  i n  o rde r  t o  provide  t h e  d e s i r e d  i n p u t  t o  t h e  c lock -d iv ide r  cha in .  I n  
t h i s  case, t h e  phase s h i f t i n g  w a s  accomplished a't 5 0 0  kKz and a second phase s h i f t e r  
w a s  d r iven  mechanica l ly  i n  p a r a l l e l  wi th  t h e  synchroniz ing  s h i f t e r  i n  t h e  s e r v o  loop .  
The mechanical d r i v e  t o  t h e  second s h i f t e r  i nc luded  a s l i p - c l u t c h  and a manual s h a f t  
ad jus tment .  The ou tpu t  of t h e  second s h i f t e r  w a s  f e d  t o  a 1-MHz p u l s e  gene ra to r .  
The 1-MHz p u l s e s  were t h e  i n p u t  t o  t h e  d i v i d e r  cha in .  The purpose of  t h e  s l i p - c l u t c h  
and t h e  manual s h a f t  ad jus tment  w a s  t o  make p r o v i s i o n  f o r  f i n e  s e t t i n g  of t h e  c lock  
wi thou t  d i s t u r b i n g  t h e  phase-lock on t h e  Loran-C s i g n a l .  

The d i v i d e r  cha in  c o n s i s t e d  of 15 t r o c h o i d a l  beam-switching tubes o p e r a t i n g  
as decimal coun te r s .  A p a r t i c u l a r  m e r i t  of t h e  beam-switching tubes  w a s  t h a t  t h e  
car ry- t ime through t h e  e n t i r e  d i v i d e r  w a s  less than  1 us. Thus, a l l  15 d i v i d e r s  
r e p r e s e n t i n g  t i m e  up t o  hundreds of  days w e r e  i n  a b r i e f  s t eady  s t a t e  every  micro- 
second and could be  r ead  o u t  unambiguously. 

To i n s u r e  an unambiguous readout  from any read  command (random o r  synchronous) ,  
t h e  command w a s  used t o  select one of t h e  1-MHz pu l ses .  From t h a t  p u l s e ,  a new and 
s l i g h t l y  de layed  read  command w a s  genera ted .  The new read  command w a s  a d j u s t e d  i n  
t i m e  t o  occur  du r ing  t h e  s t e a d y - s t a t e  cond i t ion  of t h e  d i v i d e r s .  

The t i m e  r eadou t  w a s  s t o r e d  and d i sp layed  i n  convent iona l  d i g i t a l  form f o r  t h e  
o p e r a t o r .  For normal running ,  t h e  r ead  commands were taken  from any source  i n c l u d i n g  
t h e  1-sec d i v i d e r  on e i t h e r  c lock ,  b u t  f o r  s e t t i n g ,  t h e  commands were taken  frolr t h e  
t iming  receiver. A t r i g g e r  genera ted  a t  t h e  tagged p o i n t  on t h e  f i r s t  p u l s e  follow- 
i n g  t h e  second w a s  t h e  r ead  command. When t h e  c lock  was r ead  o u t  a t  1-sec i n t e r v a l s ,  
t h e  decimal f r a c t i o n  of seconds d i d  n o t  change. Therefore ,  t h e  o p e r a t o r  had a s t eady  
d i s p l a y  t o  observe  and could  advance or r e t a r d  t h e  c lock  u n t i l  t h e  correct r ead ing  
f o r  h i s  s t a t i o n  l o c a t i o n  appeared. 
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7.7 .  I d e n t i f i c a t i o n  of Larger  Uni t s  of T i m e  

The E a s t  Coast  cha in  d i d  n o t  use  any a d d i t i o n a l  modulation t o  i d e n t i f y  seconds ,  
minutes ,  e tc . ,  a t  t he  t i m e  t h e  c locks  w e r e  b u i l t  and tested. I n  f a c t ,  t h e  cha in  was 
n o t  a c t u a l l y  t r a n s m i t t i n g  t i m e  i n  a s t r i c t  sense ,  t h a t  i s ,  no e f f o r t  was made a t  t h e  
master t r a n s m i t t e r  t o  r e l a t e  any of t h e  p u l s e  groups t o  t i m e .  The t r ansmiss ions  w e r e  
e s s e n t i a l l y  i n  t h e  ca tegory  of f requency o r  t i m e  i n t e r v a l ,  b u t  t h a t  w a s  immater ia l  f o r  
tes t  purposes .  Larger  u n i t s  of t i m e  than  t h e  50-msec r e p e t i t i o n  pe r iod  w e r e  i d e n t i -  
f i a b l e  s i n c e  Loran-C and WWV could  be  synchronized.  The WWV second p u l s e s  could  then  
be  used t o  i d e n t i f y  t h e  on-time p u l s e  groups (see f i g .  7 . 4 ) .  

?- 
LORAN C PULSE GROUPS 

c'+--uvNr W W V  ONE SECOND TICKS 

TIME - 
F i g u r e  7 . 4  P u l s e  group t o  t i m e  r e l a t i o n s h i p .  

7.8. UHF Time-Distr ibut ion System 

Each ins t rument  r e q u i r i n g  t i m e  could be supp l i ed  by i t s  own Loran-C c lock  and 
time-code g e n e r a t o r ,  b u t  t h a t  w a s  q u i t e  expens ive  and g e n e r a l l y  undes i r ab le  because 
of t h e  q u a n t i t y  of equipment and personnel  r e q u i r e d  t o  ope ra t e  it. T y p i c a l l y ,  most 

of t h e  in s t rumen ta t ion  f o r  missile obse rva t ions  a t  each of t h e  d i f f e r e n t  AMR s t a t i o n s  
was i n s t a l l e d  i n  a r e l a t i v e l y  small area. The most e f f i c i e n t  scheme t h a t  could be 
v i s u a l i z e d  t o  d i s t r i b u t e  t i m e  l o c a l l y  w a s  t o  use a s i n g l e  Loran-C c lock  i n  combination 
wi th  a UHF transmitter t o  reach  t h e  t e r m i n a l  i n s t rumen t s .  As a c o r o l l a r y  t o  t h e  c lock  
development, an exper imenta l  UHF t i m e - d i s t r i b u t i o n  system w a s  a l s o  developed 
(Davis and Doherty, 1 9 6 0 ) .  

The o b j e c t i v e  i n  t h e  UHF t i m e - d i s t r i b u t i o n  system development w a s  t o  t es t  t h e  
f e a s i b i l i t y  of t h e  concept  -- n o t  t o  b u i l d  p ro to type  hardware. A f requency assignment 
a t  1.75 GHz was ob ta ined  f o r  use  i n  F l o r i d a .  A p u l s e  transmitter and a r e c e i v e r  of 
s imple des ign  w e r e  b u i l t  from WWII s u r p l u s  components. The t r a n s m i t t i n g  an tenna  w a s  
omni -d i r ec t iona l  and a co rne r  r e f l e c t o r  was used wi th  t h e  r e c e i v i n g  an tenna .  The 
peak p u l s e  power w a s  about  200 W ,  which provided  a good s i g n a l  a t  l i n e - o f - s i g h t  
d i s t a n c e  up t o  approximately 40 m i l e s .  

The time-code gene ra to r  was h i g h l y  unconvent ional .  Codes i n  t h e i r  u s u a l  r e c t a n g u l a r  

waveform were n o t  gene ra t ed  a t  t h e  c lock ,  b u t  in format ion  was taken  from t h e  c lock  and 
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encoded i n t o  a pulse- t ime format  f o r  t r ansmiss ion .  
coded and conver ted  i n t o  t h e  va r ious  I R I G  and AMR codes.  These codes ranged from 

1 ppm t o  1000 pps. 

A t  the receiver, the s i g n a l  was de- 

The c i r c u i t s  f o r  decoding and gene ra t ing  each t i m e  code w e r e  packaged i n  p lug- in  
u n i t s .  This  arrangement made it p o s s i b l e  t o  select only  t h e  code o r  codes a c t u a l l y  
needed a t  each t e rmina l  equipment. 

I n  r e l a y i n g  t i m e  v i a  a UHF l i n k ,  a d d i t i o n a l  c o r r e c t i o n s  must be made t o  t a k e  i n t o  
account  a l l  t h e  d i s t a n c e s  and de lays  through t h e  equipment i f  t h e  f u l l  accuracy of t h e  
c lock  i s  needed. I n  many i n s t a n c e s ,  however, e s p e c i a l l y  wi th  t h e  s lower t i m e  codes ,  
t h e  t r ansmiss ion  t i m e  through t h e  UHF system could be neg lec t ed .  S i m i l a r l y ,  non- 
c r i t i ca l  t iming  requirements  could  be s a t i s f i e d  by l o c a l  hard-wire d i s t r i b u t i o n  from 
t h e  U H F  r e c e i v e r .  

7 .9 .  AMR Timing T e s t s  

Tes t ing  and demonstrat ion of t h e  use of Loran-C f o r  t iming  on t h e  AMR w a s  an ob- 
v ious  cl imax of  t he  Loran-C clock development. During t h e  summer of 1 9 6 0 ,  p l a n s  and 
a f i r m  schedule  w e r e  worked o u t  t o  t ake  t h e  c locks  and t h e  U H F  d i s t r i b u t i o n  system t o  
t h e  Cape i n  October .  A f t e r  a few days of t e s t i n g  a t  t h e  Cape, t h e  equipment would 
be a i r l i f t e d  t o  t h e  downrange s t a t i o n s  f o r  r e a l i s t i c  t r i a l  under a c t u a l  o p e r a t i n g  
cond i t ions .  The  p l ans  inc luded  a commitment f o r  a C-124 a i r c r a f t  and c r e w ,  au tho r i -  
z a t i o n s  f o r  f o r e i g n  t r a v e l ,  and o t h e r  impor tan t  d e t a i l s .  

Ea r ly  i n  September, it became apparent  t h a t  a s e r i o u s  problem w a s  imminent i n  
t h e  w e l l - l a i d  p l ans .  The t iming  r e c e i v e r s  would n o t  be d e l i v e r e d  on schedule .  A 

d e c i s i o n  had t o  be made on t h e  ques t ion  of postponing t h e  tes ts  o r  o b t a i n i n g  o t h e r  
r e c e i v e r s  t h a t  could  be used t o  keep t h e  schedule .  A t  t h e  sponsor ' s  i n s i s t e n c e ,  it 
was dec ided  t h a t  a v a i l a b l e  nav iga t ion  r e c e i v e r s  could be modif ied t o  achieve  t h e  t e s t  
o b j e c t i v e s  on schedule .  

That  course  of a c t i o n  seemed q u i t e  sound, b u t  Loran-C r e c e i v e r s  w e r e  s c a r c e ,  
and t h e  t iming  tests d i d  n o t  have t h e  p r i o r i t y  t o  commandeer equipment i n  use  by 
o t h e r  s e r v i c e s .  The only a v a i l a b l e  r e c e i v e r s  w e r e  two e a r l y  models of t h e  SPN-28, 

which had been used f o r  va r ious  exper imenta l  purposes .  The performance of t hose  re- 
c e i v e r s  by t h a t  t i m e  w a s  n o t  good. The g r e a t e s t  d i f f i c u l t i e s  w e r e  t h a t  t h e  i n t e r n a l  
n o i s e  l e v e l  w a s  h igh  and a v a r i e t y  of i n s t a b i l i t i e s  r e s u l t e d  i n  an excess ive  amount 

of maintenance. The d e f i c i e n c i e s  of  t hose  i n d i v i d u a l  r e c e i v e r s  were n o t  f u l l y  appre- 
c i a t e d  u n t i l  t h e  tests w e r e  underway. A t  t h a t  p o i n t ,  however, t h e r e  was l i t t l e  choice  
b u t  t o  cont inue  t h e  t e s t i n g  e f f o r t  a s  long as d a t a  of any va lue  could be obta ined .  

The p r i n c i p a l  p o i n t s  t o  be demonstrated i n  t h e  tests w e r e  t h e  accuracy wi th  which 

a c lock  could be se t ,  us ing  both  groundwaves and skywaves, and t h e  f e a s i b i l i t y  of t h e  
UHF t i m e - d i s t r i b u t i o n  system. 

The demonstrat ion of  c l o c k - s e t t i n g  accuracy i s  a s u b j e c t  which r e q u i r e s  f u r t h e r  
exp lana t ion  than  has  been given t h u s  f a r .  Fundamentally, Loran-C provides  only  t h e  
technique  f o r  marking t h e  i n s t a n t  a s p e c i f i e d  p o i n t  on a r a d i o  s i g n a l  a r r i v e s .  The 
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prope r  c lock  s e t t i n g  depends on t h e  t r ansmiss ion  t i m e  of t h e  s i g n a l  which is n o t  mea- 
su red  by Loran-C. The t r ansmiss ion  t i m e  must be determined by means e x t e r n a l  t o  t h e  
system, i . e . ,  by c a l c u l a t i o n .  S ince  Loran-C does n o t  measure t r ansmiss ion  t i m e ,  t h e  

system i t s e l f  cannot  be used t o  f u r n i s h  d i r e c t  proof t h a t  a c lock s e t t i n g  i s  c o r r e c t .  
However, a synchronized p a i r  of t r a n s m i t t e r s  and two Loran-C c locks  can be used t o  
provide  i n d i r e c t  p roo f .  

For example: i n  r e f e r r i n g  t o  f i g u r e  7.5, assume both  c locks  have been set  i n  

accordance wi th  t h e  procedure g iven  e a r l i e r :  one c lock  us ing  t h e  mas ter  as a r e f e r -  
ence and t h e  o t h e r  c lock t h e  s l a v e .  
on ly  p e r t i n e n t  q u a n t i t i e s  t h a t  are s u b j e c t  t o  error. A l l  o t h e r  q u a n t i t i e s ,  i nc lud ing  
t h e  b a s e l i n e  t r ansmiss ion  t i m e ,  Tb,  can be measured. 
t hey  must i n d i c a t e  t h e  same t i m e .  The p o s s i b i l i t y  t h a t  bo th  could  i n d i c a t e  the  same 
t i m e  and be  i n c o r r e c t l y  se t  i s  very remote,  and t h a t  p o s s i b i l i t y  approaches n i l  as 
r e p e a t a b i l i t y  i n  a l l  cases i s  demonstrated.  

The t r ansmiss ion  t i m e s ,  TS and Tm, a r e  t h e  

I f  bo th  c locks  are c o r r e c t l y  se t ,  

MASTET 

1 

SLAV1 

F i g u r e  7 . 5  S y n c h r o n i z a t i o n  of t w o  cZocks  t o  c h e c k  p r o p a g a t i o n .  

I n  t h e  AMR tests, t h e r e  w e r e  no independent  means available t o  check c l o c k - s e t t i n g  
accuracy so t h e  scheme desc r ibed  i n  t h e  foregoing  example w a s  used. The t w o  c locks  
were opera ted  independent ly  of each o t h e r  except  t h a t  t h e  r e c e i v e r s  used t h e  same an- 
tenna and p r e a m p l i f i e r .  The 1-sec pu l ses  from each c lock  w e r e  used as read  commands 

t o  t h e  o t h e r  c lock .  Cor rec t  s e t t i n g  w a s  evidenced by t h e  decimal f r a c t i o n  of seconds 
r ead ing  zero on both  c locks .  

whole microsecond, a random discrepancy  of 1 ps between readings  also gave a v a l i d  

i n d i c a t i o n  of correct s e t t i n g .  

S ince  t h e  c locks  w e r e  designed t o  read  t o  t h e  n e a r e s t  

The r e s u l t s  ob ta ined  a t  the d i f f e r e n t  s i tes  are shown i n  table 7 . 1  (Doherty e t  a l .  
1961a). 
r e s p e c t i v e l y ,  i s  used. The s t a t i o n s  used f o r  s e t t i n g  the  c locks  are i n d i c a t e d  by M-Y, 
o r  X-Y, etc.  I n  some cases, both  c locks  were s e t  by t h e  same s t a t i o n  as a f u r t h e r  
check of r e c e i v e r  performance. 

The des igna t ion  M f o r  mas ter  and X ,  Y ,  2 f o r  t h e  f i r s t ,  second,  and t h i r d  s l a v e s ,  
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While a t  t h e  Cape, t h e  UHF t i m e - d i s t r i b u t i o n  system was demonstrated.  The t rans-  
m i t t i n g  antenna w a s  t empora r i ly  i n s t a l l e d  on top  of  t h e  C e n t r a l  Con t ro l  b u i l d i n g .  The 
s i g n a l s  were rece ived  a t  va r ious  in s t rumen ta t ion  s i tes  on t h e  Cape. The s lower codes 
w e r e  recorded  wi th  a Sanborn r eco rde r  wh i l e  t h e  h i g h e r  speed codes w e r e  observed wi th  
an osc i l l o scope .  No d i f f i c u l t i e s  w e r e  encountered.  

7 .10 .  Monitor ing and S t e e r i n g  

Since t h e  t iming  r e c e i v e r s  could no t  be d e l i v e r e d  i n  t i m e  f o r  t h e  AMR tes ts ,  t h e r e  
was no urgent  need f o r  t h e  c o n t r a c t o r  t o  complete them i n  minimum t i m e .  I n  f a c t ,  t h e  
c o n t r a c t o r  was urged t o  take enough t i m e  t o  be c e r t a i n  t h a t  t h e  r e c e i v e r s  w e r e  as nea r ly  
p e r f e c t  a s  p o s s i b l e .  They w e r e  d e l i v e r e d  i n  January ,  1 9 6 1 .  A f t e r  t h e  f r u s t r a t i n g  ex- 
pe r i ence  wi th  t h e  SPN-28's, it was a p l easu re  t o  use t h e  new r e c e i v e r s .  Only a few 

minor i t e m s  r equ i r ed  c o r r e c t i o n  a f t e r  d e l i v e r y .  These r e c e i v e r s  w e r e  probably t h e  b e s t  
t h a t  had been b u i l t  up t o  t h a t  t i m e ,  wi th  r e s p e c t  t o  dynamic range ,  d r i f t  and n o i s e  
f i g u r e .  A s  a r e s u l t  of t h e  new r e c e i v e r s ,  t h e  groundwave s i g n a l  from a l l  t h r e e  s t a t i o n s  
of t h e  Eas t  Coast cha in  could be d e t e c t e d  i n  Boulder ,  Colorado. The c locks  were set  up 
a t  t h e  T a b l e  Mesa rece iv ing  s i t e  f o r  extended monitor ing.  

Meanwhile, i n t e r e s t  i n  Loran-C t iming  was growing, e s p e c i a l l y  a t  t h e  missile ranges 
and a t  t h e  Naval Observatory.  Arrangements were made t o  demonstrate  t h e  clocks t o  the  
Telecommunications Working Group (TCWG) of t h e  Inter-Range Ins t rumenta t ion  Group ( I R I G )  

a t  Boulder i n  the  s p r i n g  of 1 9 6 1 .  Later t h e  same y e a r ,  t h e  Naval Observatory began con- 
t r o l l i n g  o r  s t e e r i n g  t h e  frequency of t h e  Loran-C master  s t a t i o n .  

A t  t h e  Observatory,  t h e  Loran-C s i g n a l  (groundwave) was compared wi th  atomic 
s t anda rds .  Cor rec t ions  were then  s e n t  t o  t h e  t r a n s m i t t e r  when a s p e c i f i e d  amount of 
d r i f t  had accumulated. I n i t i a l l y ,  it was no t  f e a s i b l e  t o  steer t o  p r e c i s e  t o l e r a n c e s  
because t h e  qua r t z  o s c i l l a t o r s  (a  group of t h r e e )  used a t  t he  t r a n s m i t t e r  d i d  n o t  have 
adequate  s t a b i l i t y .  Before s t e e r i n g  w a s  s t a r t e d ,  t he  monitor ing a t  Boulder ,  wi th  t h e  
U . S . A .  frequency s t anda rd  as a r e f e r e n c e ,  qu ick ly  r e v e a l e d  a d i u r n a l  f requency v a r i a t i o n ,  

which, when i n t e g r a t e d ,  amounted t o  a t i m e  excurs ion  of approximately 60 us. A t  f i r s t ,  

it was thought  the skywave s i g n a l  w a s  be ing  measured b u t  t h e  shape of t h e  curve was n o t  
t y p i c a l  of skywave d i u r n a l  changes and t h e  t i m e  excurs ion  w a s  t oo  g r e a t .  F i n a l l y ,  

t h e  t r o u b l e  w a s  t r a c e d  t o  temperature  s e n s i t i v i t y  of t h e  o s c i l l a t o r s  a t  t h e  t r a n s -  

m i t t e r .  
the o s c i l l a t o r  room. 

The shape of the curve simply r e f l e c t e d  t h e  d a i l y  temperature  v a r i a t i o n  i n  

B e t t e r  temperature  r e g u l a t i o n  g r e a t l y  improved t h e  o s c i l l a t o r  s t a b i l i t y ,  b u t  
p r a c t i c a l  s t e e r i n g  wi th in  c l o s e  l i m i t s  was no t  achieved u n t i l  s e v e r a l  months l a t e r  
when t h e  q u a r t z  o s c i l l a t o r s  were rep laced  wi th  a rubidium o s c i l l a t o r  having a nominal 
s t a b i l i t y  of 1 p a r t  i n  1 0  . 10 

To f a c i l i t a t e  comparison of t he  Loran-C s i g n a l s  a t  Bculder w i th  t h e  NBS f r e -  
quency and t i m e  s t anda rd ,  a microwave l i n k  w a s  i n s t a l l e d  between t h e  Table  Mesa 
r e c e i v i n g  s i t e  and t h e  Radio Bui ld ing .  Standard frequency and t i m e  t i c k s  ( r e a d  com- 
mands) w e r e  t r a n s m i t t e d  t o  the  Loran-C c lock .  The d a t a  w e r e  t r a n s m i t t e d  back t o  t h e  
Radio Bui ld ing  and au tomat i ca l ly  recorded on punch ca rds .  
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T a b l e  7 . 1 .  R e s u l t s  of t h e  AMR T e s t s .  

S t a t i o n  Distances ( m i l e s )  Average E r r o r  M a x .  E r r o r  
T ransmi t t e r s  t o  Transmi t t e r s  i n  usec in  usec 

J u p i t e r ,  F l o r i d a  

M-X 

M-M 

x-x 
Cape Kennedy 

M-X 

M-M 

x-x 
Grand Bahama I s l a n d s  

M-X 

M-Y 

x - Y  

*X-Y ( n i g h t )  
x-x 
Y - Y  

Grand Turk I s l a n d  

M-X 

x-x 
X - Z * *  

Ramey AFB, Pue r to  Rico 

M- X 

x-x 
Mayaguiz, Pue r to  Rico 

M-X 

x- x 

Antigua, BWI ( S i t e  1) 

M-X 

x-x 
M-M 

Antigua, BWI ( S i t e  2)  

M-X 

x-x 
M-M 

500-2 

430-90 

510-110 
510-1100 
110-1100 

960- 6 80 

680-1230 

1260-1010 

12 80 -10 30 

1530-1350 

1530-1350 

1 
0 
1 

1 

1 
1 

27 
1 
1 

2 
_ _  
2 

49 
2 
-- 

9 
9 

7 7 
10 1 3  

41.5 
1 9  

5 
10  
27 

52 
4 4  
2 7  

* Presumably due t o  t h e  h i g h e r  n igh t t ime  n o i s e  l e v e l ,  groundwave 
synchron iza t ion  could n o t  b e  maintained.  The average e r r o r  of 
27 LIS i s  probably a measure of  t h e  skywave de lay .  

5 1  
45 

9 
19 
62 

59 
_- 
6 2  

** The Z s l a v e  is an experimental  s t a t i o n  l o c a t e d  a t  Wildwood, N e w  
J e r s e y .  I ts  r a d i a t e d  power w a s  about  fou r  t i m e s  g r e a t e r  t han  
M ,  X ,  o r  Y .  
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T a b l e  7 . 1 .  R e s u l t s  o f  t h e  AMR T e s t s  ( c o n t ' d ) .  

Max. Error  S t a t i o n  Distances (mi les )  Average Error  
Transmi t te rs  t o  Transmi t te rs  i n  usec i n  usec 

Canary I s l a n d s  (Mediterranean Chain) 

M- X 1990-2040 
M-Y 19 9 0- 3 2 30 

x-Y 2040-3230 

Lages AF'B, Azores 

M-X (Med.) 2340-2620 
X-X (Med.) 
M-Y (N.  A t l a n t i c )  1830-1810 
M-X (E.C.) 2820-3140 
Y-X (E .C. )  2300-3140 

Ascension I s l a n d  ( n i g h t )  

M-X 5040-5000 
z-x 5020-5000 

Notes: 

1. 

2.  

3 .  

4 .  

5. 

6 .  

7 .  

8. 

25 
55 

5 

8 

1 2  

7 1  
3 

6 2  

18  
11 

28  
71 

9 

22 

25 
71 
-- 
-- 

58 
4 2  

Due t o  s e t  no ise  and/or e x t e r n a l  n o i s e ,  t h e  Y s l a v e  (Martha's Vineyard) 
could n o t  be  rece ived  r e l i a b l y  a t  e i t h e r  J u p i t e r  o r  Cape Kennedy. The 
tests made with X-X and M-M showed t h a t  t h e  r e c e i v e r s  performed reasonably 
w e l l  wi th  s t r o n g  s i g n a l s .  The c l o c k - s e t t i n g  accuracy w a s  w i t h i n  1 psec 
a s  expected.  

The groundwave from Y could n o t  be rece ived  a t  Grand Turk I s l a n d  and, i n  
view of t h e  l a r g e  M-X e r r o r s ,  it i s  probable  t h a t  t h e  groundwave from M 
w a s  n e a r l y  l o s t  i n  t h e  noise .  
Groundwave synchroniza t ion  could n o t  be maintained a t  e i t h e r  s i t e  i n  
Puer to  Rico. The l a r g e  e r r o r s  with X-X i n d i c a t e  t h a t  t h e  two r e c e i v e r s  
were n o t  locking  on t h e  same p a r t  of t h e  p u l s e .  

The r e s u l t s  a t  Antigua were e n t i r e l y  comparable t o  those  i n  Puer to  Rico. 

The l a r g e  e r r o r s  on M-X and M-Y a t  t h e  Canary I s l a n d s  w e r e  probably a t t r i -  
bu tab le  t o  d i f f e r e n t  skywave hops being used by t h e  r e c e i v e r s .  
from t h e  Faroe I s l a n d s  and B , Norway s t a t i o n s  of t h e  North A t l a n t i c  chain 
w e r e  seen on t h e  scope b u t  w&e t o o  weak f o r  measurement purposes .  

S igna ls  from t h e  Eas t  Coast ,  t h e  North A t l a n t i c ,  and Mediterranean Chains 
were a l l  v i s i b l e  a t  n i g h t  i n  t h e  Azores. The measurement r e s u l t s  a t  Lages 
w e r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  from those obta ined  a t  Ascension and t h e  
Canaries .  

No M-M measurements were made a t  Ascension I s l a n d  s i n c e  one of t h e  r e c e i v e r s  
would n o t  lock on M. A t  a d i s t a n c e  of 5000 mi les ,  t h e  d i f f e r e n c e  between t h e  
readings of t h e  two clocks i s  n o t  n e c e s s a r i l y  t h e  a c t u a l  e r r o r  i n  c lock s e t t i n g .  
The a c t u a l  e r r o r  could be l a r g e r  i f  t h e  i n c o r r e c t  skywave hop were assumed. 

A t  Johannesburg, S.A., n i g h t  s i g n a l s  from t h e  M , X ,  and Y s t a t i o n s  of t h e  
Mediterranean chain and t h e  X s l a v e  of t h e  Eas t  Coast chain w e r e  rece ived .  
The 2 s l a v e  of t h e  Mediterranean chain w a s  n o t  i n  opera t ion  a t  t h a t  t i m e .  
The s i g n a l s  could be  seen c l e a r l y  on t h e  o s c i l l o s c o p e ,  b u t  no measurements of 
consequence were obtained.  Normally, s i g n a l s  t h a t  a r e  c l e a r l y  v i s i b l e  above 
t h e  n o i s e  a r e  more than adequate f o r  good measurements. I t  was n o t  e s t a b l i s h e d  
whether t h e  t r o u b l e  w a s  wi th  t h e  r e c e i v e r s  o r  t h e  skywave s i g n a l s .  The only 
worthwhile r e s u l t  of t h e  Johannesburg t r i p  was t o  f i n d  t h a t  t h e  skywave s i g n a l  
from J u p i t e r  could be rece ived  a t  a d i s t a n c e  of n e a r l y  8 , 0 0 0  m i l e s .  

S igna ls  
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The monitor ing a t  Boulder and s t e e r i n g  by t h e  Naval Observatory amounted t o  a 
r a t h e r  va luab le  experiment .  The most s i g n i f i c a n t  a s p e c t  was t h a t ,  a s  t h e  frequency 
s t a b i l i t y  of t h e  master s t a t i o n  w a s  improved and a s  exper ience  was ga ined ,  it became 
e v i d e n t  t h a t  t h e  t r ansmiss ions  could  be both  c o n t r o l l e d  and monitored t o  microsecond 
accuracy o r  b e t t e r .  I n  t h e  a c t u a l  exper iment ,  d r i f t s  of s e v e r a l  microseconds w e r e  
allowed t o  accumulate ,  b u t  they  w e r e  measured both  a t  Boulder and a t  t h e  Observatory.  
The t o l e r a n c e  p laced  on t h e  pe rmis s ib l e  d r i f t  w a s  e s s e n t i a l l y  an a r b i t r a r y  cho ice ,  
o r  an a d m i n i s t r a t i v e  matter, n o t  a t e c h n i c a l  l i m i t a t i o n .  I t  w a s  shown t h a t  u l t i m a t e l y ,  
t h e  t i m e  t r ansmiss ions  could be c o n t r o l l e d  t o  agree  wi th  a mas ter  c lock  a s  p r e c i s e l y  
as a s l a v e  s t a t i o n  main ta ins  synchronism wi th  i t s  mas ter .  

7 .11.  Timing wi th  S p e c i f i c  Repe t i t i on  Rates 

The pe r iods  of a l l  t he  " b a s i c "  l o r a n  r e p e t i t i o n  rates a r e  submul t ip l e s  of 1, 

2 ,  or 3 sec. C lock- se t t i ng  informat ion  i s  , t h e r e f o r e ,  convenient ly  a v a i l a b l e  a t  t hose  
i n t e r v a l s .  These pe r iods  a r e  a l s o  e x a c t  submul t ip l e s  of minutes ,  hour s ,  and days.  

The c l o c k - s e t t i n g  procedure desc r ibed  earlier can be  c a r r i e d  o u t  q u i t e  s imply.  

U s e  of t h e  s p e c i f i c  r a t e s  f o r  t iming  i s  somewhat more complicated because they  
are n o t  convenient ly  r e l a t e d  t o  seconds ,  minutes ,  hour s ,  o r  days.  The pe r iods  of a l l  
t h e  l o r a n  rates are shown i n  t a b l e  7.2. 

T a b l e  7 . 2 .  Loran  R e p e t i t i o n  R a t e  P e r i o d s .  

S p e c i f i c  Repe t i t i on  Per iod  i n  ps 

R a t e  ss SL S H  S L H 

O* 100000 80000 60000  50000 40000 30000 

1 99900  39900 59900  49900 39900 29900  

2 99800  79800  59800 49800 39800 29800  

3 99700  79700 59700 49700 39700 29700  

4 99600  79600 59600  49600 39600 29600  

5 99500  79500 59500 49500 39500 29500  

6 99400  79400 59400  49400 39400 29400 

7 99300  79300 59300 49300 39300 29300  

* The "0"  s p e c i f i c  rates a r e  c a l l e d  BASIC RATES. 

S ince  a l l  t h e  pe r iods  are m u l t i p l e s  of 1 0 0  u s ,  a p u l s e  group w i l l  be  t r a n s m i t t e d  
e v e n t u a l l y  on a whole second as shown i n  table 7.3. 
t o  set  a c lock from t iming  informat ion  i n  t h a t  form. While it can be done q u i t e  r i g o r -  
ous ly  by r a t h e r  e l e a b o r a t e  procedures  and,. a t  t h e  same t i m e ,  t a k e  f u l l  advantage of t h e  
coherent  d e t e c t i o n  techniques  , s imple r  approaches have been sought .  

There i s  no completely s imple way 

The Coast  Guard proposed adding 1-sec p u l s e s  t o  the t r ansmiss ion  of a l l  t h e  
Loran-C cha ins .  The 1-sec p u l s e s  w e r e  added f o r  a t i m e  t o  t h e  E a s t  Coast  mas ter  
s t a t i o n  f o r  eva lua t ion .  S i n g l e  p u l s e s  w e r e  t r a n s m i t t e d  2 m s e c  ahead of the p u l s e  
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T a b l e  7 . 3 .  I n t e r v a l s  i n  s e c o n d s  a t  w h i c h  p u l s e  
g r o u p s  c o i n c i d e  w i t h  whole  s e c o n d s .  

S p e c i f i c  
R a t e  ss SL S H  S L H 

0 1 2 3 1 1 3 
1 9 9 9  799 599 499 399 29 9 
2 49 9 39 9 299 249  1 9  9 1 4 9  
3 9 9 7  79 7 597 497 39 7 29 7 
4 2 4 9  1 9  9 1 4 9  1 2 4  9 9  74 
5 1 9  9 159 1 1 9  99  79 59 
6 49 7 39 7 297 2 4 7  1 9  7 1 4  7 

7 993 79 3 593 493 39 3 293 

groups which occurred  on t h e  whole second. Automatic i n s t rumen ta t ion  us inq  t i m e  
of coinc idence  dua l -d iv ide r  c i r c u i t r y  has  been developed by Austron f o r  t h e  1-sec 
pu l ses  for use  with t h e i r  t iming  r e c e i v e r .  Osc i l loscope  p r e s e n t a t i o n  only was f o r -  
merly used. When t h e  s i g n a l s  could be seen  f a f r l y  w e l l  above t h e  n o i s e ,  t h e r e  was no 
d i f f i c u l t y  i n  i d e n t i f y i n g  t h e  whole-second p u l s e  groups.  However, s i n c e  t h e  E a s t  Coast  
cha in  used a b a s i c  rate of 20 pps*,  t he  osc i l l o scope  p a t t e r n  w a s  s t eady .  Such was n o t  
t h e  case wi th  t h e  swi tch  t o  t h e  s p e c i f i c  rates and a cons iderably  b e t t e r  s igna l - to -  
no i se  r a t i o  i s  r equ i r ed  t o  i d e n t i f y  t h e  i n f r e q u e n t l y  occur r ing  “on-time‘‘ p u l s e  groups.  

I n  r eg ions  where t h e  s i g n a l s  from s e v e r a l  t r a n s m i t t e r s  can be r ece ived ,  confusion 

could a r i s e  i n  c o r r e c t l y  i d e n t i f y i n g  t h e  d i f f e r e n t  1-sec p u l s e s .  I n  p r i n c i p l e ,  t h e  
d i f f e r e n t  p u l s e s  could be coded f o r  i d e n t i f i c a t i o n  purposes ,  b u t ,  i n  view of  t h e  t i n y  
f r a c t i o n  of t h e  t o t a l  r a d i a t e d  p m e r  they  c o n t a i n ,  p r a c t i c a l  l i m i t a t i o n s  would s u r e l y  
be encountered.  The 1-sec p u l s e s  may be  very u s e f u l  where s t r o n g  s i g n a l s  a r e  a v a i l a b l e ,  
b u t  it seems probable  t h a t  more complex techniques  may be r equ i r ed  e v e n t u a l l y .  

P r io r  knowledge of t h e  approximate t i m e  can be assumed s i n c e  t h e  p r i n c i p a l  

r o l e  of Loran-C i n  t iming  i s  t o  provide  h igh  accuracy t h a t  i s  n o t  o therwise  p o s s i b l e .  
For example, l e t  us assume t h a t  a c o r r e c t l y  se t  c lock  e x i s t s  a t  t h e  master  t r a n s m i t t e r  
of a cha in  which ope ra t e s  on t h e  SH-4 r a t e .  I t  i s  shown i n  table 1 . 3  t h a t  a p u l s e  
group i s  t r a n s m i t t e d  on t h e  whole second every 149 sec. An a r b i t r a r y  r e l a t i o n s h i p  
between t h e  149-sec i n t e r v a l  and t h e  t i m e  of day must be e s t a b l i s h e d ;  t h e r e f o r e ,  l e t  
the  beginning  of a day and t h e  beginninq of a 149-sec i n t e r v a l  co inc ide .  
on t h e  whole second w i l l  then  be t r a n s m i t t e d  a t  1 4 9  sec, 298 sec, 4 4 7  sec, etc.  A 

c lock may be s e t  wi th  t h e s e  t r ansmiss ions  by us ing  t h e  fo l lowing  procedure:  

Pu l se  groups 

* 
changed t o  SLO i n  1965, and t o  SL7 i n  1968. 
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1. Compute t h e  Loran-C t r ansmiss ion  t i m e  from t r a n s m i t t e r  t o  c lock  as 
i n  e a r l i e r  example. 

2 .  Determine t h e  approximate t i m e  (w i th in  a few mi l l i s econds )  by WWV 

o r  s i m i l a r  means. 
3 .  Set Loran-C c lock  t o  t h e  approximate t i m e .  
4 .  kead t h e  c lock  o u t  a t  t h e  end of t h e  n e x t  149-sec i n t e r v a l .  (The r eadou t  

s i g n a l  must be  taken  from t h e  Loran-C t iming  r e c e i v e r . )  
5 .  The d i f f e r e n c e  between t h e  a c t u a l  c lock  r ead ing  and t h e  computed r ead ing  

i s  t h e  amount by which t h e  c lock  must be advanced or r e t a r d e d  for correct 
s e t t i n g .  

The above s e t t i n g  procedure i s  a p p l i c a b l e  f o r  a l l  s p e c i f i c  rates,  b u t  one f u r t h e r  
problem remains.  S ince  none of t h e  i n t e r v a l s ,  such as 1 4 9  sec, i s  an i n t e g r a l  sub- 
m u l t i p l e  of a day (86,400 sec) , a second a r b i t r a r y  choice  i n  procedure must be made 
a t  t h e  beginning  of t h e  second and subsequent  days .  On t h e  SH-4 rate,  f o r  example, 
t h e  end of t h e  l as t  f u l l  i n t e r v a l  of 1 4 9  sec i n  t h e  f i r s t  day f a l l s  a t  86,271 sec. 
The n e x t  i n t e r v a l  ends a t  86,420 sec, o r  20 sec a f t e r  t h e  beginning  of the second day. 
I f  ope ra t ion  i s  cont inued  wi thout  i n t e r r u p t i o n ,  a new table of i n t e r v a l s  or ephemeris  
must be  made f o r  each day. As an a l t e r n a t i v e ,  it might be more p r a c t i c a l  t o  reset the 
c lock  a t  t h e  beginning  of each day and avoid  t h e  problem of a c o n t i n u a l l y  changing 
ephemeris .  The only  o b j e c t i o n  t o  t h a t  procedure would be t h a t  nav iga t ion  r e c e i v e r s  
would be  b r i e f l y  thrown o u t  of synchron iza t ion .  Timing r e c e i v e r s  would a l s o  have t o  
be r e synchron ized ,  b u t  t h e  c locks  would n o t  need t o  be i n t e r r u p t e d .  
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8 .  LORAN-C SKYWAVES 

The s t a b i l i t y  of t h e  daytime skywave observed du r ing  t h e  Cytac t es t s  i n  1954-1955 
c l e a r l y  sugges ted  t h a t  t h e  system might be used wi th  t h a t  mode of propagat ion  a t  d i s -  
t ances  beyond groundwave range.  However, i n  t he  Cytac t es t  program, t h e r e  w e r e  n e i t h e r  
t i m e  nor  funds t o  fo l low up t h e  p o s s i b i l i t y  t h a t  became e v i d e n t  du r ing  t h e  tests. 

Ea r ly  i n  1956, the  Coast Guard became i n t e r e s t e d  i n  the p o s s i b i l i t i e s  of u s ing  
Cytac f o r  nav iga t ion .  The groundwave performance of t h e  system had a l r eady  been demon- 
s t r a t e d  w e l l  enough t h a t  no s e r i o u s  ques t ions  remained, b u t  t h e  p o s s i l i t y  of us ing  sky- 
wave a t  much g r e a t e r  range w a s  very  t a n t a l i z i n g .  Inasmuch a s  t h e  Cytac t r a n s m i t t i n g  
s t a t i o n s  had been secured  a t  t h e  end of t h e  t e s t  program wi th  a l l  t h e  equipment i n  
o p e r a t i n g  c o n d i t i o n ,  and, s i n c e  a l l  t h e  r e c e i v e r s  were s t i l l  a v a i l a b l e ,  a modest sky- 
wave measurement program seemed c l e a r l y  i n  o r d e r .  

Arrangements w e r e  made wi th  Sperry by t h e  U.S. Coast  Guard t o  ope ra t e  t h e  system 
and t o  i n s t a l l  one o f  t h e  exper imenta l  a i rbo rne  r e c e i v e r s  aboard t h e  USCGC Androscoggin. 
Sepa ra t e  arrangements were made wi th  NBS t o  p l an  t h e  measurement program and t o  c o l l e c t  
and ana lyze  t h e  d a t a .  A t r i p  of approximately 1 month w a s  decided upon wi th  s t o p s  of 
about  2 days each a t  s e v e r a l  Caribbean p o r t s ,  thence ,  through t h e  Panama Canal and south  
a long  t h e  w e s t  c o a s t  of South America. The p r i n c i p a l  reason f o r  p lanning  t h e  t r i p  i n  
t h a t  manner was t h a t  t h e  groondwave s i g n a l  from t h e  C a r a b e l l e ,  F l o r i d a ,  slave s t a t i o n  
would be a v a i l a b l e  a s  a r e f e r e n c e  a t  s e v e r a l  of t h e  planned s t o p s .  A t  t h e  same t i m e ,  
t h e  d i s t a n c e  t o  t h e  o t h e r  two s t a t i o n s  would b e ,  i n  most c a s e s ,  e i t h e r  beyond ground- 
wave range o r ,  a t  least ,  g r e a t  enough t h a t  t h e  skywave would be much l a r g e r  than  t h e  
groundwave. 

I n s t a l l a t i o n  of t h i s  r e c e i v e r  aboard t h e  Androscoggin was performed a t  Miami 
Beach, F l o r i d a ,  du r ing  t h e  f i r s t  p a r t  of A p r i l ,  1956. The t r i p  s t a r t e d  immediately 
upon completion of the i n s t a l l a t i o n .  

The s i g n i f i c a n t  d a t a  ob ta ined  on t h e  t r i p  i s  summarized i n  t a b l e  8 .1 ,  i n  which 
t h e  fo l lowing  symbols are used: 

M -- Master s t a t i o n  , Carol ine  Beach, North Caro l ina  
X -- Carabe l l e ,  F l o r i d a ,  s l a v e  
Y -- F o r e s t p o r t  , New York , s l a v e .  

The l e t te r  o r  number f o l l o h i n g  the  s t a t i o n  code i n d i c a t e s  t h e  mode of propaga- 
t i o n .  For example, X-G means groundwave from Carabe l l e ,  and Y - 3  i s  t h e  th i rd-hop 
skywave from F o r e s t p o r t ,  N e w  York. 

The column marked "Delay" shows t h e  d i f f e r e n c e  between t h e  average r ead ing  and 
t h e  computed groundwave t i m e  d i f f e r e n c e .  

I n  t h e  p re l imina ry  measurements made i n  1953, it w a s  found t h a t  t h e  daytime 
skywave de lay  w a s  e i t h e r  cons t an t  o r  nea r ly  so a t  d i s t a n c e s  beyond approximately 
1 2 0 0  miles, i . e . ,  t h e  d i s t a n c e  a t  which r a y  pa ths  from a 70-km ionosphere are t angen t  
t o  t h e  e a r t h .  Over land p a t h s ,  u s ing  a p u l s e  t h a t  r o s e  t o  f u l l  ampli tude i n  3 ' cyc les ,  
t h e  measurements of t h e  skywave de lay  i n d i c a t e d  a va lue  of 26 us w a s  c o r r e c t  a t  t h e s e  
ranges .  The de lays  of 29.9 and 30.0 ps, measured i n  B r i t i s h  Honduras and Nicaragua,  

109 



Tab l e  8 .  I. Measurements  Made on Car ibbean  Trip. 

Xmtr s.  Day Standard 
and Distance in or Delay Deviation 

Mod e Nautical Miles Night us in u s  

Belize, British Honduras 

X-G, Y-G 770 1693 D - 0.4 0.94 
X-G, Y-1 D t 29.9 1.01 
X-G, Y - 1  N t 4 3 . 1  1.22 
X-G, Y-3 D t 102.8 0.54 
X-G, Y-2 N t 103.9 1.46 
X-G, Y-4 N t 267.7 0.90 

Kingston, Jamaica 

!I I 1  

I I  ,I 

11 II 

I 1  I 1  

1 1  II 

M-G, X-G 965 832 D - 0.7 0.55 
X-G, Y-G 832 2069 N t 0.3 0.37 
M-G, Y-G 965 2069 D t 1.0 0.36 

Puerto Cahezas, Nicaragua 

X-G, Y-G 953 1813 D - 2.2 1.23 
X-G, Y - 1  D t 30.0 1.44 
X-G, Y-1 N +49.7 1. 23 
x-G,  Y-3 D t211 .4  1 02 
M-G, X-G 1235 953 N - 1.9 0. 25 

Buenaventura, Columbia 

II II 

I 1  I 1  

I 1  , I  

M-G, X-G 1804 1612 D - 2.6 0. 59 
M-1, X-1 N - 2.1 0.41 
M-1, Y-1 1804 2369 N 0.0 0. 94 
M-G, Y-2 D t 3 7 . 5  1. 86 
M-G, Y-3 D t 105.3 0.91 
M-1, Y-4 D + 222.7 1.31 
X-G, Y-4 1612 2369 D t 235.9 1.01 

I 1  I t  

I 1  II 

I1  ,I 

I 1  I 1  

Guayaquil, Ecuador 

M-1, X-1 2174 1931 N - 1.98 0.30 
M-1, Y-2 2174 2748 N t 56.6 0.53 
M-1, X-1 2174 1931 D - 0.5 1. 81 

r e s p e c t i v e l y ,  w e r e  i n  e x c e l l e n t  agreement wi th  t h e  ear l ier  va lue  of 26  u s ,  when t h e  
d i f f e r e n c e s  i n  groundwave phase c o r r e c t i o n s  f o r  land  and sea are taken i n t o  account .  
The n igh t t ime  va lues  of 43.1 and 4 9 . 7  us ,  however, are n o t  r e a d i l y  explanable .  The 
s t anda rd  d e v i a t i o n s  do no t  sugges t  t h a t  an average d i f f e r e n c e  of  6 . 5  us could be 
a t t r i b u t e d  t o  random measurement error. I f  t h e  e f f e c t i v e  h e i g h t  of the n igh t t ime  
ionosphere  changed enough between t h e  times of obse rva t ion  t o  account  f o r  t h e  d i f f e r -  
ence ,  which i s  probably t h e  exp lana t ion ,  then  it would s e e m  d e s i r a b l e ,  for nav iga t ion  

purposes ,  t o  use  t h e  same skywave hop from both  s t a t i o n s  -- n o t  one groundwave and 
one skywave. 

While each se t  of skywave measurements covered only  a s h o r t  pe r iod  of t i m e ,  t h e  

s t anda rd  d e v i a t i o n s  i n  a l l  cases were r e l a t i v e l y  sma l l  and c e r t a i n l y  small enough t o  
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sugges t  t h a t  u s e f u l  f i x  accuracy k o u l d b e  obta ined .  The c r o s s i n g  angles  of t h e  l i n e s  
of p o s i t i o n  w e r e  n o t  f avorab le  f o r  f i x e s ,  bu t  on s e v e r a l  occas ions ,  w h i l e  underway, 

t h e  l i n e s  of p o s i t i o n  were q u i t e  s t a b l e  both  day and n i g h t  a s  might be expec ted  from 
the  s t anda rd  d e v i a t i o n s  of t h e  r ead ings  taken i n  p o r t .  A t  d i s t a n c e s  beyond 1 2 0 0  m i l e s ,  
when us ing  p a i r s  of skywaves ( f i r s t  o r  second hops depending on t h e  d i s t a n c e ) ,  t h e  
t i m e  d i f f e r e n c e s  w e r e  i n  q u i t e  good agreement wi th  t h e  computed groundwave va lues .  
Such agreement was expec ted ,  because ,  a t  those  d i s t a n c e s ,  t h e  de lay  had p rev ious ly  

been e s s e n t i a l l y  cons t an t  and,  t h e r e f o r e ,  t h e  same de lay  would be added t o  each s igna l .  
I t  i s  po in ted  o u t ,  however, t h a t  whi le  underway, and n o t  having the  b e n e f i t  of e x a c t  
p o s i t i o n  in fo rma t ion ,  i d e n t i f i c a t i o n  of t h e  hops was more d i f f i c u l t  t han  when i n  p o r t .  

On one occas ion ,  wh i l e  s teaming south  a t  n i g h t  a long  the  w e s t  c o a s t  of Columbia, 
and e s s e n t i a l l y  p a r a l l e l  t o  t h e  l i n e s  of p o s i t i o n ,  t h e r e  w a s  a good oppor tuni ty  t o  
check t h e  accuracy of t h e  skywave r ead ings .  As an experiment ,  t h e  b r i d g e  was advised  
of our  d i s t a n c e  from t h e  s h o r e ,  accord ing  t o  Cytac. The a c t u a l  d i s t a n c e  measured by 
r a d a r  was reques ted .  The d iscrepancy  w a s  shocking and t h e r e  w e r e  some r a t h e r  d i s -  

paraging  remarks about  t h e  e l e c t r o n i c  nav iga t ion  system. A few minutes l a t e r  from t h e  
b r i d g e  -- "My God, you a r e  r i g h t l " ,  o r  words t o  t h a t  e f f e c t .  The r a d a r  o p e r a t o r  found 
he  had been mis tak ing  t h e  r e f l e c t i o n  from t h e  mountains s e v e r a l  m i l e s  i n l and  f o r  t h e  
s h o r e l i n e .  The Cytac l i n e  of p o s i t i o n  was reques ted  f o r  t he  remainder of t h e  n i g h t .  

Despi te  some u n c e r t a i n t i e s  about  t h e  cyc le  ambigui ty ,  and proper  i d e n t i f i c a t i o n  
of t h e  number of hops ,  511 who were immediately concerned f e l t  q u i t e  encouraged about  

t h e  p o t e n t i a l  use of skywaves. 

The Jansky and Bai ley  e v a l u a t i o n  of measurements made i n  1958 (Dickinson,  1959) ,  
on t h e  use fu lness  of skywaves a t  d i s t a n c e s  beyond groundwave range ,  was g e n e r a l l y  
f avorab le  b u t  inc luded  some impor tan t  r e s e r v a t i o n s .  Some d i f f i c u l t y  had been exper-  
ienced  wi th  cyc le  ambigu i ty ,  and it was r e a l i z e d  t h a t  t h e r e  might be a problem i n  
c o r r e c t l y  i d e n t i f y i n g  t h e  d i f f e r e n t  skywave hops. As i n  ear l ie r  measurements, t h e s e  
extended over  pe r iods  of on ly  a few days a t  each s i t e  and d i d  n o t  war ran t  conclus ions  
on long-term s t a b i l i t y  o r  p r e d i c t a b i l i t y  of t h e  skywave. 

The most encouraging a s p e c t  of t h e  skywave d a t a  was t h e  phase s t a b i l i t y ,  excep t ,  
of cour se ,  du r ing  s u n r i s e  and s u n s e t .  The Jansky and Bai ley  measurements were i n  
good agreement on phase s t a b i l i t y  wi th  those  made by NBS i n  1 9 5 6  (see t a b l e s  8 .1  and 
8.21, however, they  d i f f e r e d  by approximately 1 0  p s  on t h e  daytime f i r s t - h o p  skywave 
de lay  a t  g r e a t  d i s t a n c e s  (compare t a b l e s  8 .1  and 8 . 3 ) .  Jansky and Bai ley  r epor t ed  
t h a t  t h e  SPN-28 r e c e i v e r  d i d  g ive  t r o u b l e  a t  t i m e  wi th  cyc le  ambiguity due t o  mal- 
func t ion ing ,  b u t  they be l i eved  t h a t  t h e  equipment w a s  working p rope r ly  when t h e  d a t a  
shown i n  t h e  t a b l e s  w e r e  recorded .  There i s  good evidence t o  i n d i c a t e  t h a t  t h e  per-  
formance of t h e  Cytac r e c e i v e r  (EAR) , which w a s  used i n  1 9 5 6 ,  was s u b s t a n t i a l l y  b e t t e r  
than  t h a t  of t h e  SPN-28. For example, t h e  groundwave was rece ived  wi th  t h e  Cytac 
r e c e i v e r  a t  d i s t a n c e s  up t o  n e a r l y  2000  nmi, wh i l e  i n  most c a s e s ,  t h e  SPN-28's per-  
formance was q u i t e  poor beyond 1 0 0 0  m i l e s  and 1500 miles was t h e  maximum groundwave 
range r epor t ed .  However, t h e  skywave s i g n a l  has  a d i f f e r e n t  d i s p e r s i o n  c h a r a c t e r i s t i c  
than  t h e  groundwave s i g n a l ,  so  t h e  SPN-28 may have been t r a c k i n g  t h e  c o r r e c t  cyc le  
wh i l e  t h e  Cytac r e c e i v e r  was t r a c k i n g  t h e  wrong cyc le .  Somewhat d i f f e r e n t  r f  f i l t e r  
c h a r a c t e r i s t i c s  i n  t h e  two r e c e i v e r s  could account  f o r  g r e a t e r  s e n s i t i v i t y  and a 
tendency t o  lock on t h e  wrong cyc le  i n  t h e  e a r l i e r  r e c e i v e r .  
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T a b l e  8 . 3 .  Summary of Measured Skywave C o r r e c t i o n s  ( J a n s k y  and B a i l e y  Measuremen t s ) .  

Receiver Xmtr. and Distance Sky-wave Date Time 
Location No. Hops Naut. Mi. Correction 1958 EST 

Bermuda M-G X-1 665  856 - 37.2 3 / 2 3  0820 
- 37.4 3 / 2 3  0845 M-G X-1 1 1  1, 

M-G X-1 ,I ,I - 37.2 3 / 2 3  0900 
,, e ,  I <  I ,  - 59.4  3 / 2 4  2124 
! 1  ( 1  ! 1  ! I  - 59.4 2125 
I !  1 )  ,1 I, - 58.8 3 / 2 5  0106 
I ,  ! I  I ,  1 ,  - 59.0 0115 
I t  1 ,  I, t, - 60.2 0222 
I t  I t  I t  I ,  - 60.6 ! 0235 
!! I, I ,  I !  - 61.2 0400 
!, I t  ,, t ,  - 59.0  2351 
I, I ,  t I  I, - 59.2 2353 
1 )  1 ,  I, I ,  - 59.2 3 / 2 6  0000 
I ,  I I  II 1 1  - 58.8  0006 

M-1 Y-G 665 614 t 51.3  0530 
I, ( 1  !I t t  t 51.5 0545 

1129 9 2 8  t 37.5 
I, ( 1  t 37.1 
1 1  1, t 37.2 
1 ,  I ,  t 37.3 
I, I ,  t 37.2 

1129 1391 - 39.5 
7 ,  I, - 40.3 

- 39.1 1 ,  I ,  

3 / 2 9  0605 
0615 

8 0630 
I 0645 
f 0700 

3 / 3 0  1615 
I 1625 

1640 

Newfound- M-G X-1 1340 1730 - 38.7 6 / 1 8  0847 
land ( 1  I, ! I  I ,  - 39.1 0857 

I, I! I t  I ,  - 38.7 0907 
I !  I t  I t  $ 1  - 38.4 0930 
!I ?I 1 )  I, - 39.1 0955 
I, 1, I! I ,  - 38.6 1000 
I, 1 ,  I, I, - 38.6 1005 
,I ! I  I ,  1 ,  - 39.4 I 1019 
I t  I ?  I ,  ! I  - 37.3 1030 
I ,  !I II ( 1  - 37.3 1045 
!, I! 1 )  I ,  - 38.2 1100 
I, I ,  ! I  I, - 39.2 1112 
( 1  ! I  I ,  I ,  - 38.4 , 1120 
I ,  ! 1  ,I I ,  - 38.8 1150 

Trinidad M-1 X-G 1673 1445 t 57.2 3 / 3 0  2245 

4 1  !I - 65.1 3 / 3 1  0000 
M-1 Y-2 1673 1906 - 64.4 ( 1  

M-3 Y-2 3402 3435 t 61.3 
B r a d  ( 1  I! t 60.8 

1,  I I  t 59.8 
I ,  I T  t 59.6 
,, I I  1 I t 59.4 
I f  1 1  I t 58.2 
I ,  I t  t 59.0 
1 )  I t  t 56.8 
I ,  I t  t 56.8 
(I 1 ,  t 55.0 
I, II 1 t 55.8 
3.1 I! t 57.6 
!I t ,  t 58.1 
I, I ?  1 , t 57.1 
I, I T  1 t 57.5 
I ,  II t 57.2 
I 7  ( 1  t 60.9 

M-2 Y-3 3402 3435 - 61.6  

Natal, 415 2142 
2148 
2220 
2231 

, 2245 
2300 
2322 
2349 

416 0000 
0025 
0033 
0230 
0237 

I 0245 
0300 
0315 
0330 
2155 
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I n  measuring skywaves wi th  t h e  Cytac receiver, it was noted t h a t  t h e  d iscrepancy  
would f r e q u e n t l y  e x c e e d 5  5 us f o r  s h o r t  p e r i o d s .  M o s t  of t h e  t i m e ,  however, the  d i s -  

crepancy w a s  w i t h i n  normal l i m i t s ,  and i t  was assumed t h a t  t hose  readings  were c o r r e c t .  
Jansky and Bai ley  made t h e  same assumption i n  ana lyz ing  t h e i r  d a t a .  Thus f a r  t h e r e  i s  
no clear exp lana t ion  of t h e  d isagreement  between t h e  two sets of measurements b u t  t h e  
sugges ted  exp lana t ion  is a 1-cycle  e r r o r  i n  t h e  e a r l i e r  measurements. F u r t h e r  ev idence  
for t h i s  conclus ion  i s  t h a t  c u r r e n t  skywave de lay  measurements a t  Boulder do n o t  agree  
wi th  t h e  e a r l i e r  measurements. The daytime f i r s t - h o p  de lay  a t  Boulder from t h e  E a s t  

Coast  s t a t i o n s  appears  now t o  be about  35 u s .  That  va lue  i s  i n  very  good agreement 
wi th  Jansky and B a i l e y ' s  measurements of 3 8  t o  40 us over  s e a  wa te r  p a t h s .  Also, 
more r e c e n t  t h e o r e t i c a l  c a l c u l a t i o n s  ( J o h l e r ,  1962) show t h a t  35 t o  40 p s e c  i s  
t h e  proper  asymptot ic  de lay  f o r  a 70-km l a y e r  h e i g h t .  The ear l ie r  c a l c u l a t i o n s  d i d  
n o t  p rope r ly  account  f o r  t h e  skywave de lays  due t o  d i f f r a c t i o n  nea r  t h e  r eg ion  of 
tangency. 

I n  a l l  skywave measurements , and e s p e c i a l l y  a t  n i g h t ,  t h e  d iscrepancy* i s  v a r i a b l e  
wi th  t i m e .  That  v a r i a t i o n  may provide  a c l u e  t o  t h e  exp lana t ion  of some of t h e  apparent  
i n c o n s i s t e n c i e s  i n  t h e  skywave d a t a .  I n  t h e  p rocess  of  r e f l e c t i o n  from t h e  ionosphere ,  
t h e  p u l s e  s u f f e r s  d i s p e r s i o n  t o  a g r e a t e r  or lesser e x t e n t ,  depending on t h e  t i m e -  
vary ing  c h a r a c t e r i s t i c s  of t h e  ionosphere.  When t h e  p u l s e  shape i s  changed and when 
t h e  phase r e l a t i o n s h i p  of t h e  cyc le s  t o  t h e  p u l s e  envelope i s  changed t o o ,  t h e  measure- 
ment technique ,  which i s  " b u i l t  i n "  t o  a Loran-C r e c e i v e r ,  i s  no longer  v a l i d .  The 
r e c e i v e r  i s  designed t o  ope ra t e  on a p a r t i c u l a r  p u l s e ;  and e s p e c i a l l y  on two i d e n t i c a l  
pu l se s .  Whether o r  n o t  an i n c o r r e c t  r ead ing  occurs  depends on how much t h e  p u l s e s  
have been modif ied.  The f a c t  that  t h e  d iscrepancy  is v a r i a b l e  shows t h e  p u l s e  shape 
does change; t h e r e f o r e ,  the assumption made e a r l i e r  that  the r ead ing  ob ta ined  most of 
t h e  t i m e  w a s  c o r r e c t ,  perhaps should n o t  be defended.  The t ime-d i f f e rence  measure- 
ments between cor responding  skywave r e f l e c t i o n s  c e r t a i n l y  provided  ample reason  f o r  
enthusiasm, b u t  t h e  r e p e a t i b i l i t y  of t hose  measurements provided no proof or guarantee  
t h a t  bo th  mas ter  and s l a v e  pu l ses  were n o t  s i m i l a r l y  d i s t o r t e d .  Pulse  d i s t o r t i o n  
could e a s i l y  have been p r e s e n t  w i th  l i t t l e  or no error r e s u l t i n g  i n  t h e  t ime-d i f f e rence  
r ead ings .  Using one groundwave s i g n a l  and one skywave s i g n a l  t o  measure t h e  skywave 
d e l a y ,  however, can r e s u l t  i n  e r r o r s  i f  t h e  r ece ived  pu l ses  are d i s s i m i l a r .  
f e l t  that  t h e  i n c o n s i s t e n c i e s  i n  t h e  d a t a  are probably a t t r i b u t a b l e  t o  such causes .  

I t  i s  

I n  a r e p o r t  on t h e  E a s t  Coast cha in ,  Jansky and Bai ley  (1962) s t a t e d  t h a t  t h e  
skywave accuracy was b e t t e r  than  5 u s ,  9 5  pe rcen t  of t h e  t i m e ,  excep t  du r ing  s u n s e t  
and s u n r i s e .  A t  t h e  same t i m e ,  they  emphasized t h e  need t o  c o r r e c t l y  i d e n t i f y  t h e  
mode of propagat ion  or hop t o  avoid  gross errors. 

When going away from t h e  t r a n s m i t t e r s ,  a s k i l l f u l  o p e r a t o r  should  be  a b l e  t o  
swi tch  t o  t h e  f i r s t - h o p  skywave upon r each ing  t h e  l i m i t  of d e t e c t a b i l i t y  of t h e  ground- 
wave. Experience has  shown t h a t  t h i s  can be done q u i t e  w e l l  a t  slow speeds .  A t  a i r -  
c r a f t  speeds ,  t h e  problem i s  fundamental ly  more d i f f i c u l t  because informat ion  must 
be  ob ta ined  from t h e  s i g n a l s  a t  a f a s t e r  r a t e .  Also, a t  a h i g h e r  speed ,  t h e r e  i s  

* See Glossary.  
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less oppor tun i ty  t o  compare t h e  newly acqui red  skywave r ead ing  o r  p o s i t i o n  wi th  a 
dead-reckoning p o s i t i o n  based on t h e  l a s t  groundwave reading .  Under+such c o n d i t i o n s ,  
f u r t h e r  confusion can a r i s e  i n  d i s t i n g u i s h i n g  between t h e  f i r s t -  and second-hop 
skywaves. 

When approaching t h e  t r a n s m i t t e r s  from beyond groundwave range ,  t h e  problem of 
i d e n t i f y i n g  t h e  mode of propagat ion  i s  cons iderably  more d i f f i c u l t .  In  t h i s  s i t u a -  
t i o n ,  it must be assumed t h a t  t h e  p o s i t i o n  i s  n o t  known p r e c i s e l y ,  t h e r e f o r e ,  t h e  
o p e r a t o r  does n o t  n e c e s s a r i l y  have an oppor tun i ty  t o  select  t h e  mode of propagat ion  
which w i l l  y i e l d  a f i x  t h a t  agrees  wi th  h i s  p o s i t i o n .  

I n  t h e  va r ious  skywave nav iga t ion  t es t s  t h a t  have been made us ing  t h e  E a s t  Coast  
cha in ,  t h e  r e s u l t s  have been s u r p r i s i n g l y  good, b u t  i n  a l l  c a s e s ,  t h e  o p e r a t o r s  have 
had cons ide rab le  knowledge of propagat ion .  I f  t h e  ope ra to r s  d i d  n o t  have t h a t  knowledge, 
it i s  a s a f e  b e t  t h a t  t h e  r epor t ed  skywave performance of t h e  system would have been 
much less s a t i s f a c t o r y .  

A g r e a t  d e a l  of  long-term skywave moni tor ing  of t h e  Eas t  Coast  s i g n a l s  has  been 
done a t  Boulder f o r  purposes of d e t e c t i n g  ionosphe r i c  d i s tu rbances .  Other long-term 
monitor ing has  been done a t  t h e  At tu  and S i tk inak  s l a v e  s t a t i o n s  of t h e  Aleut ian  cha in .  
A l i m i t e d  amount of moni tor ing  has  been done a t  t h e  Kure and Hawaii s t a t i o n s  of t h e  
Cen t ra l  P a c i f i c  cha in .  I n  more r e c e n t  y e a r s ,  long-term monitor ing has been done i n  
a l l  cha ins  except  t h e  Mediterranean cha ins .  

The long-term monitor ing has  been q u i t e  va luab le  i n  t h a t  a much b e t t e r  under- 
s t and ing  has  been gained of t h e  behavior  of t h e  100-kHz skywave s i g n a l s .  The d a t a  
have probably c r e a t e d  more ques t ions  than they have answered, b u t ,  a t  least ,  some 
obse rva t iona l  f a c t s  are clear. 

Except f o r  t h e  unresolved ques t ion  of t h e  e a r l i e r  measurements o f  t h e  f i r s t - h o p  
de lay  us ing  t h e  Eas t  Coast s i g n a l s ,  t h e  long-term d a t a  are c o n s i s t e n t  with t h e  ear l ier  
measurements, and, i n  a d d i t i o n ,  r e v e a l  phase and ampli tude p e r t u r b a t i o n s  caused by 
s o l a r  f l a r e s .  Data from t h e  P a c i f i c  and t h e  Aleut ian  s t a t i o n s  show t h e  e f f e c t s  of  
s o l a r  f l a r e s ,  b u t  a l s o  i n d i c a t e  t h a t  t h e  c h a r a c t e r i s t i c s  of t h e  lower ionosphere vary 
s u b s t a n t i a l l y  wi th  geographic  l o c a t i o n  and season .  Other d a t a  from t h e  P a c i f i c ,  t o  
be  d i scussed  s h o r t l y ,  add confusion t o  the  problem of i n t e r p r e t i n g  t h e  obse rva t ions .  

The p a t h s  over  which most of t h e  skywave measurements have been made a r e  shown 
i n  f i g u r e  8.1. Long-term measurements a t  Boulder ,  us ing  s i g n a l s  from t h e  Eas t  Coast 
cha in ,  and t h e  e a r l i e r  measurements i n  1956  i n  C e n t r a l  America (Doherty,  1 9 6 2 ) ,  have 
shown t h a t  t h e  skywave de lay  ( f i r s t  hop) usua l ly  i n c r e a s e s  a b r u p t l y  by about  20 us 
a t  s u n s e t  then  decreases  a t  s u n r i s e .  During t h e  day ,  t h e  average phase v a r i a t i o n s  
a r e  less than 2 1 us, and less than  5 4 ps a t  n i g h t .  These l i m i t s ,  however, may be 
exceeded du r ing  c e r t a i n  d i s t u r b e d  ionospher ic  cond i t ions .  
v a r i a t i o n s  a r e  of t h e  o r d e r  of 20 dB. Both day and n i g h t  ampli tudes a r e  v a r i a b l e ,  
with t h e  l a r g e s t  v a r i a t i o n s  a t  s u n s e t  and s u n r i s e  (see f i g .  8 . 2 ) .  Addi t iona l  phase 
and ampli tude measurements are shown i n  f i g u r e  8.3. Cur ious ly  enough, most ampli- 
t ude  v a r i a t i o n s  throughout  t h e  day and n i g h t  a r e  seldom accompanied by c o r r e l a t i v e  

phase s h i f t s .  However, e f f e c t s  a s s o c i a t e d  wi th  s o l a r  f l a r e s  and h i q h - a l t i t u d e  

Typica l  d i u r n a l  ampli tude 
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Figure  8 . 1 .  Reg ions  where  t h e  m a j o r i t y  of skywave  
measurements  have b e e n  made. 

n u c l e a r  de tona t ions  are n o t a b l e  excep t ions .  I t  has  a l s o  been observed t h a t  t h e  h i g h e r  
o rde r  hops are s u b j e c t  t o  l a r g e  ampli tude v a r i a t i o n s ,  b u t  t h e  ampli tude v a r i a t i o n s  
of any one hop seem t o  be independent  o f ,  o r  a t  least ,  show no obvious c o r r e l a t i o n  wi th  

t h e  ampli tude v a r i a t i o n s  of t h e  o t h e r  hops. 

Dohetty ( 1 9 6 2 )  proposed,  and Joh le r  and Harper ( 1 9 6 2 )  have shown, t h e o r e t i c a l l y ,  that  

a s p a r s e l y  i o n i z e d  r eg ion  below t h e  D l a y e r  could produce cons ide rab le  a t t e n u a t i o n  wi thou t  
apprec i ab le  phase s h i f t .  I f  it i s  assumed t h a t  such a s p a r s e l y  ion ized  r eg ion  i s  t i m e -  
v a r i a b l e ,  such a mechanism could e x p l a i n  both  t h e  day and n i g h t  ampli tude v a r i a t i o n s  
t h a t  are n o t  accompanied by phase s h i f t s .  

The 1956 measurements showed t h a t ,  a t  a given d i s t a n c e ,  t h e  skywave f i e l d  s t r e n g t h  
was g r e a t e r  from t h e  more sou the rn  t r a n s m i t t e r s ,  bo th  day and n i g h t .  The l o c a t i o n  of 
t h e  t r a n s m i t t e r s  and t h e  obse rva t ion  sites were s u b s t a n t i a l l y  i n  a nor th-south  conf igura-  
t i o n .  The t r a n s m i t t e r  l o c a t i o n s  w e r e  a t  4 3 O ,  3 4 O ,  and 30° nor th  l a t i t u d e ,  and obser-  
v a t i o n s  w e r e  made ove r  t he  range from 30" nor th  t o  3' south  l a t i t u d e .  

Measurements a t  Boulder a l s o  showed s t r o n g e r  skywave s i g n a l s  from t h e  more 
southern  t r a n s m i t t e r s .  S i g n a l s  from t h e  mid - l a t i t ude  and no r the rn  t r a n s m i t t e r s  w e r e  
roughly 6 and 1 2  dB weaker, r e s p e c t i v e l y ,  than  those  from t h e  sou the rn  t r a n s m i t t e r .  It  

seems e v i d e n t  t h a t  t h e  c h a r a c t e r i s t i c s  of t h e  D r eg ion  are la t i tude-dependent .  
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I I$ Y SKY WAVE - X GND WAVE T I M E  DIFFERENCE 

Y FIRST HOP SKY WAVE FOR 3200 km PATH 

DAY , N I G H T ,  DAY , NIGHT , DAY , NIGHT , 
DAY1 12 I 13 , I4  , 15 

APRIL 1956 

Figure  8 . 2 .  Phase and a m p l i t u d e  of t h e  Loran-C 
skywave  r e c o r d e d  o n  a n o r t h - s o u t h  p a t h .  
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F i g u r e  8 . 3 .  F i r s t - h o p  skywave  f r o m  C a r o l i n a  Beach ,  N o r t h  C a r o l i n a  
t o  B o u l d e r ,  Co lorado .  



If appropr i a t e  a t t r i b u t e s  were ass igned  t o  t h e  presumed s p a r s e l y  ion ized  reg ion  

below t h e  D l a y e r ,  t h e  a m p l i t u d e - l a t i t u d e  dependence could probably be expla ined .  
Doherty ( 1 9 6 2 )  proposed t h a t  such a reg ion  could be c r e a t e d  by p a r t i c l e  bombard- 
ment. Some evidence t o  suppor t  such a proposa l  may be found by observ ing  t h e  
e f f e c t s  of s o l a r  f l a r e s  as  shown i n  f i g u r e s  8 . 4  t o  8 .7 .  S o l a r  f l a r e s  can produce e i t h e r  
phase advance o r  r e t a r d a t i o n  and ampli tude i n c r e a s e  o r  decrease  a t  LF. The mechanisms 
involved a r e  q u i t e  complex, and i n t e r p r e t a t i o n  of d a t a  is-somewhat s p e c u l a t i v e .  
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F i g u r e  8 . 4 .  F i r s t - h o p  skywave  f r o m  C a r o l i n a  Beach ,  
N o r t h  C a r o l i n a ,  t o  B o u l d e r ,  Co lorado .  
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F i g u r e  8 . 5 .  F i r s t - h o p  skywaue  f r o m  C a r o l i n a  Beach ,  
N o r t h  C a r o l i n a ,  t o  B o u l d e r ,  Co lorado .  
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Q u a n t i t a t i v e  d a t a  on east-west ve r sus  we'st-east propagat ion  i s  e n t i r e l y  t o o  i n -  
adequate  t o  a t tempt  an a n a l y s i s  of t h e  subject. General  impress ions  are, however, 
t h a t  skywave propagat ion  from w e s t  t o  east i s  b e t t e r  than  i n  t h e  r e v e r s e  d i r e c t i o n .  
The g r e a t e s t  d i s t a n c e  over  which t h e  r e c e p t i o n  of Loran-C skywave s i g n a l  has  been re- 
por t ed  i s  approximately 8000 m i l e s  , which was from J u p i t e r ,  F l o r i d a ,  t o  Johannesburg,  
South A f r i c a ,  du r ing  t h e  Loran-C t iming  tests (Doherty e t  a i .  1 9 6 1 a ) .  I t  may be 

noted  t h a t  t h e  d i s t a n c e s  from Johannesburg t o  a l l  t h r e e  of t h e  Eas t  Coast t r a n s m i t t e r s  
are n e a r l y  t h e  same, b u t  on ly  t h e  southernmost  t r a n s m i t t e r  could be rece ived .  The 
i n f l u e n c e  of t h e  e a r t h ' s  magnet ic  f i e l d  on t h e  ionosphere  ( J o h l e r  and Barper ,  1 9 6 2 )  very 

probably accounts  f o r  t h e  obse rva t ions ,  b u t  u n c e r t a i n t i e s  about  t he  e l e c t r o n  d e n s i t y  
make it d i f f i c u l t  t o  draw p o s i t i v e  conclus ions .  

To f u r t h e r  i n v e s t i g a t e  t h e  f e a s i b i l i t y  of u s ing  skywaves f o r  nav iga t ion ,  t h e  
Coast  Guard, wi th  some t e c h n i c a l  a s s i s t a n c e  from CRPL, se t  up a f i x e d  moni tor ing  
s t a t i o n  a t  Wake I s l a n d .  The s i t e  w a s  chosen because of i t s  l o c a t i o n  r e l a t i v e  t o  t h e  
s t a t i o n s  i n  t h e  C e n t r a l  P a c i f i c  cha in  ( S H - 4 ) .  One of t h e  s t a t i o n s  w a s  w i t h i n  ground- 
wave range.  The o t h e r  two w e r e  s u f f i c i e n t l y  d i s t a n t  t h a t  t h e  skywave would pre-  
dominate. The s t a t i o n s  were l o c a t e d  a t  Johnson I s l a n d ,  Upola P o i n t ,  Hawaii, and 
Kure I s l a n d ,  and a t  d i s t a n c e s  of  1518, 2436, and 1139 s t a t u t e  m i l e s ,  r e s p e c t i v e l y ,  
from t h e  moni tor ing  s i te .  Monitor ing was s t a r t e d  i n  October ,  1963. 

One of t h e  major o b j e c t i v e s  of  t h i s  moni tor ing  e f f o r t  w a s  t o  o b t a i n  long-term 
obse rva t ions  wi th  t h e  nav iga t ion  a p p l i c a t i o n  i n  mind s i n c e  it w a s  f e l t  t h a t  t h e  pre-  
v ious  skywave measurements were t o o  few, o r  o r i e n t e d  t o o  much toward academic s t u d i e s ,  
t o  war ran t  p r e d i c t i o n  of system performance. The  e n t i r e  i n s t rumen ta t ion  f o r  t h e  
moni tor ing  w a s  much more e l a b o r a t e  than  t h a t  used i n  any of t h e  prev ious  measurement 
e f f o r t s .  Two SPN-30 r e c e i v e r s  were modif ied f o r  use  wi th  an e x t e r n a l  l o c a l  o s c i l -  
l a t o r  , and p r o v i s i o n  w a s  made t o  record  t h e  AGC and envelope-er ror  v o l t a g e s  of a l l  
channels  i n  a d d i t i o n  t o  t h e  envelope and cyc le  r ead ings .  The ou tpu t s  w e r e  recorded  
on punched paper  t a p e ,  on p r i n t e d  paper  t a p e ,  and on ana log  s t r i p  c h a r t s .  

The o v e r a l l  arrangement w a s  f i n e  i n  p r i n c i p l e ,  b u t  main ta in ing  t h e  equipment 
proved t o  be a n e a r l y  tmposs ib le  t a s k .  The SPN-30 r e c e i v e r s  and t h e  l o c a l  o s c i l l a t o r  
func t ioned  w e l l  enough, b u t  t h e  r eco rd ing  equipment was a p e r p e t u a l  headache. As a 
r e s u l t ,  l i t t l e  use fu l  i n fo rma t ion  w a s  ob ta ined .  A f t e r  1 0  months, t h e  moni tor ing  w a s  
d i scon t inued .  

Despi te  t h e  l o s s  of d a t a ,  t h e r e  w e r e  enough "good" measurements t o  show t h a t  
t h e  behavior  of t h e  system wi th  skywaves i n  t h i s  s i t u a t i o n  w a s  markedly d i f f e r e n t  
from t h a t  observed us ing  t h e  E a s t  Coast  cha in .  I n  t h i s  c o n t e x t ,  t h e  term "good 
measusement" i s  used only  t o  i n d i c a t e  t h a t  t h e  equipment appeared t o  be func t ion ing  
i n  t h e  manner i n  which it w a s  des igned  t o  o p e r a t e .  F igu res  8.8 t o  8.12 show t h e  
r ead ings  ob ta ined  on s i x  d i f f e r e n t  days du r ing  t h e  p e r i o d  from November, 1963 t o  
J u l y ,  1 9 6 4  (Haid le  and Washburn, 1965) .  

These r e s u l t s  are so r a d i c a l l y  d i f f e r e n t  from those  p rev ious ly  d i scussed  t h a t  
t h e  au thor  t ends  t o  f e e l  t h e  d a t a  may be i n v a l i d ,  b u t  t h e  f a c t s  do n o t  completely 
j u s t i f y  such an assumption. There i s  no obvious exp lana t ion  f o r  t h e  extreme s c a t t e r i n g  
of t h e  d a t a  except  t h a t  t h e r e  w a s  e v i d e n t l y  l i t t l e  o r  no tendency f o r  t h e  envelope 
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F i g u r e  8 . 8 .  Wake  I s l a n d ,  Nov.  I, 1 9 6 3 .  
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F i g u r e  8 . 9 .  Wake I s l a n d ,  Nov.  8 ,  1 9 6 3 .  

F i g u r e  8 . 1 0 .  Wake  I s l a n d ,  May I, 1 9 6 4 .  Figure 8 . 1 1 .  Wake  I s l a n d ,  May 2 ,  1 9 6 4 .  
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8 . 1 2 .  Wake I s l a n d ,  J u l y  . l o ,  1 9 6 4  

c i r c u i t s  t o  select  any p a r t i c u l a r  p o i n t  on t h e  skywave pu l se .  

mal func t ioning  o r  improperly a d j u s t e d ,  or t h e  p u l s e  w a s  s e v e r e l y  d i s p e r s e d  i s  n o t  
known t o  t h e  au tho r .  There i s  no l o g i c a l  exp lana t ion  f o r  t h e  d i u r n a l  behavior  of t h e  
median va lues  of t h e  X-pair r ead ings .  
c l u s i o n s  from t h e s e  d a t a  o r  any of t h e  d a t a  from Wake I s l a n d .  

Whether t h e  c i r c u i t s  were 

I t  seems f u t i l e  t o  a t t empt  t o  draw meaningful con- 

I t  can be shown t h a t  most of the scatter i n  t h i s  d a t a  i s  i n  increment  f u l l  c y c l e s .  
I f  increment  f u l l - c y c l e  c o r r e c t i o n s  a r e  made on a l l  t h e  d a t a  p o i n t s ,  phase s t ab i l i t i e s  
s i m i l a r  t o  those  r e p o r t e d  f o r  o t h e r  measurements can be ob ta ined .  The envelope c i r c u i t r y  
of t h e  SPN-30 r e c e i v e r s  may have been u p s e t  by skywave d i s p e r s i o n  and skywave-groundwave 
mixing. 
f e a s i b l e  wi th  t h e  in s t rumen ta t ion  and o p e r a t o r  techniques  used du r ing  t h e  experiment  , 
i s  undoubtedly t r u e .  There i s  a s t r o n g  i n d i c a t i o n  from t h e  n a t u r e  of  t h e  d a t a ,  however, 
t h a t  wi th  only  minor changes i n  o p e r a t o r  procedures ,  skywave nav iga t ion  would indeed 
be p r a c t i c a l .  S ince  e f f e c t i v e  use  of  Loran-C skywave s i g n a l s  can expand t h e  s e r v i c e  
a r e a  of a Loran-C cha in  by a s i g n i f i c a n t  amount, f u r t h e r  work a long  t h e s e  l i n e s  would 
be j u s t i f i e d .  

The conclus ion  of t h e  r e p o r t ,  t h a t  a c c u r a t e  Loran-C skywave nav iga t ion  i s  n o t  

The main reason  f o r  i n c l u d i n g  t h e  Wake I s l a n d  d a t a  i n  t h i s  r e p o r t  i s  because o t h e r  
skywave d a t a  from t h e  C e n t r a l  P a c i f i c  cha in  show d i f f e r e n t  d i u r n a l  behavior  of t h e  
lower ionosphere than  i s  observed a t  Boulder from t h e  E a s t  Coast .  For  example, t h e  
d i u r n a l  p a t t e r n  of t h e  de l ay  change i s  almost  s i n u s o i d a l  and deep f ades  f r e q u e n t l y  

occur  f o r  s o l a r  z e n i t h  ang le s  of less than  70' (Doherty,  1 9 6 8 ) .  Without r e s o r t i n g  
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t o  s p e c u l a t i o n ,  t h e r e  i s  no completely s a t i s f a c t o r y  exp lana t ion  t o  da te  of t h e  

skywave obse rva t ions  i n  t h a t  r eg ion .  

I n  summary, t h e  Loran-C skywave obse rva t ions  have provided some b a s i s  f o r  es t i -  
mating system performance i n  c e r t a i n  a r e a s ,  b u t  t h e  c h a r a c t e r i s t i c s  of t h e  lower 
D r eg ion  e v i d e n t l y  vary  a g r e a t  d e a l  geograph ica l ly .  U n t i l  t h e  c h a r a c t e r i s t i c s  of 
t h e  D r eg ion  are b e t t e r  understood,  gene ra l  p r e d i c t i o n  of system performance wi th  

skywaves is  l a r g e l y  a m a t t e r  of guesswork. 
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9 .  CALIBRATION OF A LORAN-C SYSTEM 

The t r ansmiss ion  t i m e  of a r a d i o  wave is  a measure of t h e  d i s t a n c e  over  which it 
t r a v e l s .  The v e l o c i t y  of l i g h t  i s  fundamental i n  t h i s  r e l a t i o n s h i p ,  b u t  the i n f l u e n c e  
of t h e  p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  propagat ion  pa th  and measurement techniques  i s  
t h e  p r i n c i p a l  cons ide ra t ion  he re .  

I n  low-frequency groundwave propagat ion  , t h e  m o s t  s a t i s f a c t o r y  measure of d i s t a n c e  
between two p o i n t s  seems t o  be t h e  l eng th  of t h e  g e o d e t i c  arc which j o i n s  them. I t  i s  

p o s s i b l e  t h a t  some adjustment  o r  c o r r e c t i o n  might be d e s i r a b l e  i f  very  h igh  e l e v a t i o n s  
a r e  involved ,  b u t  t h a t  s i t u a t i o n  has  n o t  been explored  thoroughly  enough t o  j u s t i f y  
conclus ions  a t  t h i s  t i m e .  

Somewhat e r roneous ly ,  t h e  groundwave has  been v i s u a l i z e d  as propagat ing  l i t e r a l l y  
a long  t h e  s u r f a c e  of t h e  ground. That  no t ion  would sugges t  t h a t  t h e  p rope r  d i s t a n c e  
would be measured a long  t h e  s u r f a c e ,  which, of cour se ,  would be s l i g h t l y  longe r  than  
the  geode t i c  a r c  i f  t h e  pa th  c ros sed  h i l l s  and v a l l e y s .  There i s  no exper imenta l  
evidence t o  suppor t  t h a t  n o t i o n ,  a t  least  n o t  a t  low f r equenc ie s .  

The f a c t o r  t h a t  has  t h e  g r e a t e s t  e f f e c t  on t h e  t r ansmiss ion  t i m e ,  o t h e r  than  d i s -  
tance, i s  t h e  conduc t iv i ty  of t h e  propagat ion  pa th .  The e f f e c t  of t h e  d i e l e c t r i c  con- 
s t a n t  i s  calculable b u t  i s  of or.ly very  minor p r a c t i c a l  importance a t  l o w  f r equenc ie s .  
The phase of t h e  low-frequency groundwave has  been eva lua ted  by J o h l e r  e t  a l .  (1956) 
i n  NBS C i r c u l a r  573. This  p u b l i c a t i o n  has  se rved  as t h e  b a s i s  f o r  v i r t u a l l y  a l l  
Loran-C phase c a l c u l a t i o n s  even though only a smooth , homogeneous e a r t h  i s  cons idered .  
An ex tens ion  of t h e  theo ry  de f ined  by Mi l l i ng ton  and I s t e d  (1950 i n  f i e l d - s t r e n g t h  
p r e d i c t i o n s ,  and e l a b o r a t e d  by Pressey  and Ashwell (1956) , i s  i n  g e n e r a l  use  t o  com- 
pu te  t h e  phase over  pa ths  of mixed conduc t iv i ty .  

The a v a i l a b l e  theo ry  i s  n o t  adequate  t o  p r e d i c t  t h e  phase a c c u r a t e l y  over  
mountainous t e r r a i n .  Presumably, topographic  f e a t u r e s  i n  combination wi th  nonuniform 
conduc t iv i ty  are re spons ib l e  f o r  t h e  p r e d i c t i o n  e r r o r s .  The i n t e n t  he re  i s  t o  show 
how a v a i l a b l e  theo ry  can be app l i ed  i n  a c t u a l  s i t u a t i o n s  and t o  desc r ibe  measurement 
procedures  t h a t  can be used t o  supplement t h e  theory .  F i n a l l y ,  new measuring tech-  
n iques  are proposed wi th  a view toward a b e t t e r  unders tanding  of t h e  problem of 
propagat ion  over  land .  

The t i m e  d i f f e r e n c e  i n  microseconds,  measured by a r e c e i v e r ,  can be r ep resen ted  
by t h e  fo l lowing  expres s ion  : 

where 

1 2  4 



k =  

f =  
c =  
E =  

$ =  
D =  
a =  

CD = 

- 2:f E ,  

f requency i n  Hz/sec , 
v e l o c i t y  of l i g h t  i n  vacuum (299792.5 km/sec) , 
e f f e c t i v e  index  of a tmospheric  r e f r a c t i o n ,  
secondary phase c o r r e c t i o n  based on smooth s p h e r i c a l  e a r t h ,  
d i s t a n c e  (geode t i c )  , 
a d d i t i o n a l  phase c o r r e c t i o n  n o t  de f ined  i n  t h e  i d e a l i z e d  
c a l c u l a t i o n  of 41, 
coding de lay .  

The s u b s c r i p t s  m s ,  s r ,  and m r ,  i d e n t i f y  t h e  pa ths  from master t o  s lave ,  s l a v e  
t o  r e c e i v e r ,  and master t o  r e c e i v e r ,  r e s p e c t i v e l y .  The s u b s c r i p t s  m and s i d e n t i f y  
t h e  mas ter  and s l a v e  s i g n a l s .  This  equa t ion  i s  based on t h e  theory  given i n  NBS 

C i r c u l a r  573 ( J o h l e r ,  e t  a l . ,  1956) ,  b u t  t h e  a c o r r e c t i o n s  have been added t o  a l low 
a d d i t i o n a l  pa th  parameters  t h a t  a r e  n o t  cons idered  i n  t h e  C i r c u l a r .  

While t h e  groundwave propagat ion  theory  has  n o t  been developed completely enough 
t o  t r ea t  a l l  propagat ion  pa ths  q u a n t i t a t i v e l y  and p r e c i s e l y ,  t h e r e  i s  no doubt t h a t  t h e  
b a s i c  t heo ry  i s  sound. When a c t u a l  propagat ion  pa ths  c l o s e l y  approximate t h e  i d e a l i -  
z a t i o n s  made i n  developing t h e  theo ry ,  t h e r e  a r e  no problems. D i f f i c u l t i e s  arise only  
when t h e  p h y s i c a l  p r o p e r t i e s  of a c t u a l  pa ths  d i f f e r  markedly from t h e  s i m p l i f i e d  models 
t h a t  w e  a r e  now ob l iged  t o  use  f o r  computation. 

Some gene ra l  d i scuss ion  may h e l p  t o  b e t t e r  v i s u a l i z e  t h e  i n f l u e n c e  of t h e  propaga- 
t i o n  medium on t h e  phase of the  low-frequency groundwave. It seems s e l f - e v i d e n t  t h a t  
a wavelength of 3 km ( 1 0 0  kHz) cannot  "see" f ine -g ra in  s t r u c t u r e  i n  t h e  medium. I n  
t h i s  ca se ,  " f i n e  g r a i n "  imp l i e s  dimensions , o f  t h e  o r d e r  of a wavelength and sma l l e r .  
For i n s t a n c e ,  t h e  conduc t iv i ty  of land  v a r i e s  apprec iab ly  from p l a c e  t o  p l a c e  w i t h i n  

s m a l l  a r e a s  a s  shown by t y p i c a l  probe measurements. Furthermore,  t h e  conduc t iv i ty  
v a r i e s  g r e a t l y  wi th  depth from p l a c e  t o  p l a c e ,  e s p e c i a l l y  w i t h i n  t h e  f i r s t  few f e e t  
from t h e  s u r f a c e ,  These v a r i a t i o n s  seem t o  depend, i n  a r a t h e r  complicated way, on 
t h e  type  of s o i l ,  i t s  chemical  composi t ion,  and mois ture  con ten t .  But, r e g a r d l e s s  of 
what causes  t h e  v a r i a t i o n s ,  w e  a r e  l e d  t o  t h e  conclus ion  t h a t  t h e  conduc t iv i ty  i n f l u e n c e  
on a long  wave must  be r ep resen ted  by some sort  of average o r  e f f e c t i v e  va lue  f o r  a 
r eg ion  whose dimensions are g r e a t e r  than  1 wavelength. Poss ib ly  1 0  wavelengths would 
be  a rea l i s t ic  estimate of an a r e a  s i z e  where conduc t iv i ty  changes could be 
i d e n t i f i e d .  

S i m i l a r l y ,  it i s  t o  be noted t h a t  the index of a tmospheric  r e f r a c t i o n  s u b s t a n t i a l l y  
changes i n  t h e  v e r t i c a l  d i r e c t i o n  w i t h i n  d i s t a n c e s  much less than  a wavelength a t  1 0 0  kHz. 
Typica l  l a p s e  rates are of t h e  o r d e r  of 40-N units/km. S u b s t a n t i a l  changes occur  a l s o  
i n  both  t h e  s u r f a c e  va lue  of t h e  index  and t h e  l a p s e  r a t e  from t i m e  t o  t i m e  and p l a c e  
t o  p l a c e .  

Re fe r r ing  t o  NBS C i r c u l a r  573 ( J o h l e r  e t  a l .  1956) I it i s  noted t h a t  an average  
Value of 1.000338 f o r  the  s u r f a c e  index ,  and a l a p s e  r a t e  corresponding t o  4/3 e a r t h  
r a d i u s  a r e  sugges ted .  If a c t u a l  va lues  of index  and l a p s e  are s u b s t i t u t e d ,  measurable 

changes (o rde r  of 0 . 1  )IS) i n  t i m e  d i f f e r e n c e  a r e  p r e d i c t e d  f o r  some l o c a t i o n s  (see sec.6, 
UBCG EE Rept . ,  1 9 6 2 ) .  Such changes appa ren t ly  occur  mainly over  very  low conduc t iv i ty  
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pa ths .  I n  a r e a s  where they  have n o t  been observed,  t hey  may have been obscured by o t h e r  
f a c t o r s .  One s tudy  (Sper ry  Rand Corp., 1 9 6 9 )  sugges t s  measurable e f f e c t s  over  sea- 
water pa ths .  Observa t ions  under more c a r e f u l l y  c o n t r o l l e d  cond i t ions  are needed, b u t  
most d a t a  t h u s  f a r  seem t o  i n d i c a t e  t h a t  f r e q u e n t l y  t h e  phase i s  e i t h e r  independent ,  o r  
n e a r l y  so, of v a r i a t i o n s  i n  t h e  r e f r a c t i v e  index.  The e f f e c t s  t h a t  have been observed 
a r e  g e n e r a l l y  sma l l e r  than  secondary f a c t o r  e f f e c t s  p r e d i c t e d  f o r  conduc t iv i ty  v a r i a -  
t i o n s .  Recent ly ,  i n  an a t t empt  t o  e x p l a i n  t h i s  appa ren t  phenomenon, t h e  manner i n  
which t h e  r e f r a c t i v e  index  was used i n  NBS C i r c u l a r  573 w a s  reviewed by J o h l e r  and 
t h e  au tho r ,  r e s u l t i n g  i n  t h e  fo l lowing  conclus ions .  

F i r s t ,  it i s  noted  that  as t h e  s u r f a c e  index  i n c r e a s e s ,  t h e  pr imary wave i s  re- 
t a r d e d ,  t h u s  i n c r e a s i n g  what w e  may ca l l ,  t h e  pr imary phase c o r r e c t i o n .  A t  t h e  same 
t i m e ,  an i n c r e a s e  i n  t h e  s u r f a c e - i n d e x  normally r e s u l t s  i n  an inc reased  l apse  ra te ,  
which, i n  t u r n ,  i n c r e a s e s  t h e  e f f e c t i v e  r a d i u s  of t h e  e a r t h  and reduces t h e  secondary 
phase c o r r e c t i o n  ( 4 ) .  If t h e  phase is independent  of changes i n  t h e  r e f r a c t i o n  index ,  
as some of t h e  d a t a  i n d i c a t e ,  then  t h e  changes i n  t h e  primary and secondary phase 
c o r r e c t i o n s  must be n e a r l y  equa l  i n  abso lu t e  magnitude a t  t h e s e  l o c a t i o n s .  I n  o r d e r  
t o  s a t i s f y  t h i s  cond i t ion ,  a va lue  of t h e  index  must be used which i s  smaller than  
t h e  s u r f a c e  v a l u e ,  and t h e  e f f e c t i v e  e a r t h - r a d i u s  f a c t o r  must be reduced from 4/3 t o  a 
va lue  n e a r  u n i t y ,  b u t  t h i s  cond i t ion  i s  a l s o  dependent on t h e  conduc t iv i ty  of t h e  p a t h  
involved  . 

This  conclus ion  i s  e n t i r e l y  c o n s i s t e n t  wi th  t h e  ax iomat ic  assumption t h a t  a long 
wavelength cannot  "see" f i n e - g r a i n  d e t a i l  i n  t h e  s t r u c t u r e  of t h e  medium. I n  t h i s  
case, however, it appears  t h a t  t h e  100-kHz wavelength only  p a r t i a l l y  "sees" t h e  l a p s e  
r a t e  and an e f f e c t i v e  va lue  should  be s u b s t i t u t e d  f o r  t h e  s u r f a c e  index.  Comprehensive 
computer a n a l y s i s  of d a t a  ga the red  over  many d i f f e r e n t  pa ths  f o r  long pe r iods  of t i m e  
should  be capable  of y i e l d i n g  t h e  bes t  s u r f a c e  r e f r a c t i v e  index  and e f f e c t i v e  e a r t h  
r a d i u s  t o  b e s t  f i t  a l l  cond i t ions  f o r  100-kHz propagat ion .  Such an a n a l y s i s  could  be 
undertaken us ing  e x i s t i n g  Coast Guard moni tor ing  d a t a .  

I t  would be i d e a l  i f  t h e  nav iga t ion  g r i d  could  be c a l c u l a t e d  o r  p r e d i c t e d  pre-  
c i s e l y ,  b u t  i n  p r a c t i c e  t h e r e  are always u n c e r t a i n t i e s .  The i d e a l  s i t u a t i o n  i s  very  
n e a r l y  r e a l i z e d  when t h e  s e r v i c e  area is over  s e a  w a t e r  as t h e  conduc t iv i ty  i s  uniform 
and any r e f r a c t i v e  index  e f f e c t s  are minimized. The t r a n s m i t t e r  sites are on l and ,  
however, u sua l ly  on or n e a r  s h o r e l i n e s ,  which in t roduce  a s h a r p  d i s c o n t i n u i t y  on con- 
d u c t i v i t y .  Even in a n e a r l y  i d e a l  s i t u a t i o n ,  measurable  and unpred ic t ab le  phase 
e f f e c t s  may be p r e s e n t .  When t h e  s e r v i c e  area i s  ove r  l and ,  t h e  problem i s  much more 
complicated and some form of c a l i b r a t i o n  i s  necessary .  

I t  has  been l ea rned  from expe r i ence  t h a t  one of t h e  m o s t  reliable ways t o  main- 
t a i n  t h e  c a l i b r a t i o n  of  a system i s  to  monitor  t h e  t i m e  d i f f e r e n c e s  a t  a convenient  
l o c a t i o n  i n  the s e r v i c e  area. I f  a change i n  t h e  t ime-d i f f e rences  r ead ing  i s  noted ,  
t h e  monitor  s t a t i o n  n o t i f i e s  t h e  s l a v e  concerned and r e q u e s t s  an ad jus tment  which 
w i l l  r e s t o r e  t h e  t i m e  d i f f e r e n c e  t o  i t s  o r i g i n a l  va lue .  This  i s  n o t  c a l i b r a t i o n ,  
b u t  it i s  a p r a c t i c a l  and e f f e c t i v e  technique  f o r  main ta in ing  s t a b i l i t y .  During 
c a l i b r a t i o n ,  it i s  e s p e c i a l l y  d e s i r a b l e  t o  have one or more monitor  r e c e i v e r s  i n  
ope ra t ion  t o  d e t e c t  any phase s h i f t s  which might o therwise  go unnot iced  or be 
m i s i n t e r p r e t e d .  
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The most impor tan t  p a r t  of t h e  c a l i b r a t i o n  i s  t o  measure t h e  t i m e  d i f f e r e n c e s  on 
t h e  b a s e l i n e  ex tens ions  t o  determine t h e  round- t r ip  t r ansmiss ion  t i m e  and t h e  coding 
de lay .  When t h e  ex tens ions  a r e  over  s e a  w a t e r ,  t h e  procedure i s  r e l a t i v e l y  s imple 
because t h e  conduc t iv i ty  of s e a  wa te r  i s  known. When they  are over  l and ,  t h e  conduc- 
t i v i t y  i s  an a d d i t i o n a l  unknown which must a l s o  be eva lua ted .  

I n  t h e  case  of an over land  b a s e l i n e  e x t e n s i o n ,  c a l i b r a t i o n  can be a very  complex 
and d i f f i c u l t  problem if t h e  t e r r a i n  i n  t h e  ex tens ion  a r e a  i s  n o t  reasonably  smooth 
wi th  uniform conduc t iv i ty .  Measurements must be made a t  a minimum of two l o c a t i o n s  
on t h e  ex tens ion  t o  o b t a i n  enough informat ion  t o  determine a l l  t h e  unknowns. Fur ther -  
more, t h e  l o c a t i o n s  must be f a r  enough a p a r t  t o  c l e a r l y  show a d i f f e r e n c e  i n  reading .  

The secondary phase c o r r e c t i o n  ( 4 )  i s  shown a s  a func t ion  of d i s t a n c e  i n  f i g u r e s  
9 . 1  and 9 . 2  and pa rame t r i c  p l o t s  are given t o  f a c i l i t a t e  s c a l i n g .  F igure  9.3 shows 
a p l o t  of t h e  r a t e  of  change of t h e  secondary c o r r e c t i o n  a t  a g r e a t  d i s t a n c e  (where 
it i s  n e a r l y  l i n e a r )  a s  a f u n c t i o n  of conduc t iv i ty .  This  curve and t h e  curves  shown 
i n  f i g u r e  9 . 2  are p a r t i c u l a r l y  u s e f u l  i n  ana lyz ing  b a s e l i n e  ex tens ion  d a t a .  

If t h e r e  w e r e  no secondary phase c o r r e c t i o n s ,  t h e  t ime-di f fe rence  readings  would 

be cons t an t  anywhere on t h e  ex tens ions .  On a s l a v e  e x t e n s i o n ,  t he  t i m e  d i f f e r e n c e  
would be p r e c i s e l y  t h e  coding d e l a y ,  and on t h e  m a s t e r  ex t ens ion  it would be t h e  round- 
t r i p  t i m e  p l u s  t h e  coding de lay .  However, t h e  ex tens ion  readings  involve  t h e  d i f f e r -  
ence between the phase c o r r e c t i o n  t o  t h e  s i g n a l  from t h e  nea r  t r a n s m i t t e r  and t h a t  
p o r t i o n  of t h e  c o r r e c t i o n  t o  t h e  d i s t a n t  s i g n a l  which is  con t r ibu ted  by the pa th  from 
t h e  nea r  t r a n s m i t t e r  t o  t h e  r e c e i v e r .  The r ead ing  on t h e  s l a v e  ex tens ion  i s  n o t  
a f f e c t e d  by t h e  c o r r e c t i o n  a p p l i c a b l e  t o  t h e  master s i g n a l  i n  t r a v e r s i n g  t h e  b a s e l i n e ,  
b u t  t h e  master  ex tens ion  r ead ing  inc ludes  t h e  b a s e l i n e  c o r r e c t i o n  t o  both  s i g n a l s .  

From f i g u r e s  9 . 1  and 9 . 2 ,  it can be seen  t h a t  t h e  phase c o r r e c t i o n  reaches  a mini- 
mum wi th in  t h e  f i r s t  30 km f o r  a l l  c o n d u c t i v i t i e s .  I f  t h e  ex tens ion  i s  over  s e a  wa te r ,  
t h e  measurement can be made almost  anywhere beyond 30 km from t h e  nea r  s t a t i o n  (see 

f i g .  9 . 2 )  because t h e  minimum i s  broad and,  t h e r e f o r e ,  t h e  e x a c t  d i s t a n c e  from t h e  
t r a n s m i t t e r  i s  n o t  c r i t i ca l .  Over l and ,  t h e  measurement n e a r e s t  a t r a n s m i t t e r  should 
n o t  n e c e s s a r i l y  be made a t  t h e  minimum c o r r e c t i o n .  I f  t h e  d i s t a n c e  t o  t h e  nea r  
t r a n s m i t t e r  i s  too  s h o r t ,  t h e  ampli tude r a t i o  of t h e  s i g n a l s  may exceed t h e  des ign  
c a p a b i l i t y  of t h e  r e c e i v e r  and t h u s  in t roduce  a phase e r r o r .  Furthermore,  on t h e  
assumption t h a t  t h e  conduc t iv i ty  is unknown, t h e  d i s t a n c e  should  be g r e a t  enough t o  
be s u r e  t h e  measurement i s  made somewhat beyond t h e  minimum value  of t h e  c o r r e c t i o n .  
A f u r t h e r ,  b u t  perhaps less c r i t i ca l ,  cons ide ra t ion  i s  t h a t  t h e  measurements should  
be made f a r  enough from t h e  t r a n s m i t t e r  t o  avoid  any p o s s i b l e  spu r ious  loca l -phase  
effects  t h a t  might be caused by s l i g h t l y  mismatched t r ansmiss ion  l i n e s  , t h e  antenna 
coup le r ,  o r  o t h e r  c i r c u i t s  c a r r y i n g  h igh  r f  c u r r e n t s  o r  vo l t ages .  The measurements 
should always be made a t  l o c a t i o n s  which a r e  f r e e  from trees,  overhead wires ,  e t c . ,  
and on reasonably  smooth t e r r a i n .  
cont inuous ly  whi le  c r o s s i n g  t h e  ex tens ion  (pe rpend icu la r ly1  o r  a t  a number of c l o s e l y  
spaced l o c a t i o n s ,  t hen  p l o t  t h e  d a t a  and draw a smooth curve through t h e  p o i n t s  t o  
e s t a b l i s h  t h e  minimum o r  maximum read ings .  

The b e s t  p r a c t i c e  i s  t o  t a k e  readings  e i t h e r  
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F i g u r e  9 . 1 .  Secondary -phase  c o r r e c t i o n s  a s  a f u n c t i o n  
of d i s t a n c e  p a r a m e t r i c  i n  c o n d u c t i v i t y .  
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F i g u r e  9 . 2 .  Secondary -phase  c o r r e c t i o n s  a s  a f u n c t i o n  
of d i s t a n c e  p a r a m e t r i c  i n  c o n d u c t i v i t y .  
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F i g u r e  9 . 3 .  Ra te  of change of secondary  c o r r e c t i o n  a t  
a g r e a t  d i s t a n c e  a s  a f u n c t i o n  o f  c o n d u c t i v i t y .  

If t h e  t e r r a i n  i s  such t h a t  measurements cannot  be made on t h e  ground, a i rbo rne  
measurements must be made. Problems, such a s  lack  of good si tes and a c c e s s i b i l i t y ,  are 
e f f e c t i v e l y  so lved  by o p e r a t i n g  from an a i r c r a f t  b u t  o t h e r  problems may be in t roduced .  
Base l ine-extens ion  measurements should be made wi th  t h e  g r e a t e s t  p o s s i b l e  c a r e  and 
accuracy.  Trouble may be encountered i n  o b t a i n i n g  a v a l i d  maximum o r  minimum read ing  
i f  t h e  speed of t h e  a i r c r a f t  and t h e  response c h a r a c t e r i s t i c s  of t h e  phase se rvos  a r e  
n o t  compat ible  wi th  t h e  rate of change of t h e  phase d i f f e r e n c e .  A i r c r a f t  speed is n o t  
a problem i n  t h e  s e r v i c e  a r e a  because t h e  r a t e s  of  change of phase are r e l a t i v e l y  con- 
s t a n t  and a r e  compensated by t h e  rate se rvos .  Cross ing  an ex tens ion  n e a r  a t r a n s m i t t e r ,  

however, involves  a f a i r l y  r a p i d  change i n  rate wi th  a t t e n d a n t  oppor tun i ty  f o r  e r r o r  
i n  r ead ing .  

When t h e  ex tens ion  measurements have 'been  made and t h e  d i s t a n c e s  t o  t h e  t r a n s -  
m i t t e r s  determined,  t h e  d a t a  can be analyzed g r a p h i c a l l y  wi th  adequate  p r e c i s i o n .  
Re fe r r ing  t o  f i g u r e  9 . 2 ,  scale and d i f f e r e n c e  t h e  va lues  of I$ f o r  an a p p r o p r i a t e  range 
of c o n d u c t i v i t i e s  a t  t he  d i s t a n c e s  from t h e  n e a r  t r a n s m i t t e r  where t h e  measurements 
were made. Now f i n d  t h e  corresponding changes i n  I$ f o r  t h e  d i s t a n t  s i g n a l  over  t h e  
d i s t a n c e  i n t e r v a l .  The d i f f e r e n c e  between t h e s e  d i f f e r e n c e s  can be p l o t t e d  as a func- 
t i o n  of conduc t iv i ty  a s  shown i n  f i g u r e  9 . 4 .  For t h e  sake of an example, d i s t a n c e s  
of 30 and 1 0 0  km are a r b i t r a r i l y  chosen. The conduc t iv i ty  which would produce t h e  
measured d i f f e r e n c e  i n  b a s e l i n e  ex tens ion  readings  can be seen  immediately from such a 
graph.  The example curve ( f i g .  9 . 4 )  a l s o  g ives  a good i d e a  of t he  r e l a t i o n s h i p  between 
t h e  accuracy of  t h e  conduc t iv i ty  de te rmina t ion  and the  accuracy of t he  phase d i f f e r e n c e  
measurements. 
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Figure  9 . 4 .  Example p l o t  of r e a d i n g s  t a k e n  
a t  30 and 1 0 0  km from near  t r a n s m i t t e r .  

I f  t h e  measurements are on t h e  s l a v e  b a s e l i n e  e x t e n s i o n ,  t h e  coding de lay  can be 

found by apply ing  t h e  a p p r o p r i a t e  phase c o r r e c t i o n s  from f i g u r e  9 . 2  u s ing  t h e  conduc- 
t i v i t y  j u s t  determined.  S i m i l a r l y ,  t h e  round- t r ip  t i m e  can be determined from t h e  
master ex tens ion  r ead ings .  

The d i f f e r e n c e  between t h e  round- t r ip  t i m e  and t h e  t i m e  t h a t  would be r equ i r ed  
f o r  t h e  s i g n a l  t o  t r a v e l  i n  a i r  over  t h e  same d i s t a n c e  can be i n t e r p r e t e d  as t h e  
secondary-phase c o r r e c t i o n .  I f  t h e  b a s e l i n e  does n o t  involve  s i g n i f i c a n t  topographic  
f e a t u r e s  and,  assuming of cour se ,  t h a t  conf idence  can be p l aced  i n  t h e  b a s e l i n e  ex- 
t e n s i o n  r ead ings ,  such an i n t e r p r e t a t i o n  i s  r easonab le .  However, i f  t h e  p h y s i c a l  
c h a r a c t e r i s t i c s  of t h e  pa th  d e v i a t e  s u b s t a n t i a l l y  from t h e  assumptions made i n  apply- 

i n g  smooth s p h e r i c a l - e a r t h  propagat ion  theo ry ,  t hen  it must be recognized t h a t  o t h e r  
f a c t o r s  could  a l s o  c o n t r i b u t e  t o  t h e  measured round- t r ip  t i m e .  A t  p r e s e n t  t h e r e  i s  no 
e s t a b l i s h e d  technique  by which t h e  t r u e  o r i g i n  of measured phase c o r r e c t i o n s  can be 

p o s i t i v e l y  e s t a b l i s h e d .  

I n  p r e d i c t i n g  t h e  l i n e s  of p o s i t i o n  over  l a n d ,  it i s  g e n e r a l l y  cons idered  t h a t  
t h e  g r e a t e s t  a c c u r a c y ' w i l l  be ob ta ined  when t h e  b e s t  known va lues  of c o n d u c t i v i t y  are 
used. But t h e  b i g  problem i s  t h a t  reliable va lues  of conduc t iv i ty  are seldom known. 
There i s  l i t t l e  t h a t  can be done by p r e s e n t  p r a c t i c e s  o t h e r  t han  t o  assume average va lues  
based on acqui red  knowledge f o r  computa t iona l  purposes .  I f  no conduc t iv i ty  informat ion  
i s  a v a i l a b l e ,  t h e  round- t r ip  t i m e  measurements f o r  a land  pa th  may be h e l p f u l  i n  a r r i v i n g  
a t  a reasonable  estimate of  an average va lue .  
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Refe r r ing  t o  t h e  Cytac t es t  resu l t s ,  it can be seen t h a t  one p r a c t i c a l  way t o  i m -  
prove t h e  accuracy of t h e  l i n e s  of p o s i t i o n  i s  t o  measure t h e  t i m e  d i f f e r e n c e s  a t  a 
number of  p l aces  i n  t h e  s e r v i c e  area and then  c o n s t r u c t  contours  of cons t an t  c o r r e c t i o n .  
One advantage of  t h i s  approach i s  t h a t ,  as a d d i t i o n a l  measurements are made, t h e  co r rec -  
t i o n  contours  can be updated u n t i l  even tua l ly  t h e  f u l l  accuracy of t h e  system can be 
r e a l i z e d .  On t h e  o t h e r  hand,  it has  t h e  d isadvantage  t h a t  t h e  c o r r e c t i o n  contours  
apply t o  one system i n s t a l l a t i o n  only  and are of l i t t l e  o r  no va lue  i n  p r e d i c t i n g  
t h e  accuracy of a s i m i l a r  system elsewhere.  

An a l t e r n a t i v e  system f o r  u t i l i z i n g  measured d a t a  i s  t o  p r e d i c t  a number of mea- 
su red  p o i n t s  i n  a r e l a t i v e l y  s m a l l  a r e a  on t h e  b a s i s  of  s e p a r a t e  propagat ion  v e l o c i t i e s  
t o  the t h r e e  t r a n s m i t t e r s .  These propagat ion  v e l o c i t i e s  can be s e l e c t e d  t o  f i t  reason-  
a b l e  conduc t iv i ty  va lues .  by us ing  computer techniques  t o  minimize e r r o r s  f o r  a 
number of p o i n t s ,  a b e s t  f i t  can be obta ined  by inc remen ta l ly  a d j u s t i n g  t h e  t h r e e  con- 

d u c t i v i t i e s  ( i . e . ,  propagat ion  v e l o c i t i e s  t o  t h e  t r a n s m i t t e r s ) .  The conduc t iv i ty  va lues  
deduced f o r  one l o c a l  can be used a s  a s t a r t i n g  p o i n t  f o r  ad jacen t  l o c a l s  and e v e n t u a l l y  
t h e  e n t i r e  s e r v i c e  area of t h e  system can be mapped i n  b e s t - f i t  conduc t iv i ty  va lues  f o r  
p r e d i c t i n g  Loran-C t i m e  d i f f e r e n c e s .  

Then, 

Se rv ice  a r e a  c a l i b r a t i o n ,  o r  any k ind  of accuracy check a t  s e a ,  is. d i f f i c u l t  t o  
accomplish. For  such a check t o  be meaningful ,  t h e  p o s i t i o n  of t h e  r e c e i v e r  must be 

e s t a b l i s h e d  a c c u r a t e l y  by independent  means. N o  o t h e r  long-range r a d i o  p o s i t i o n - f i x i n g  
system provides  comparable accuracy ,  and o rd ina ry  c e l e s t i a l  nav iga t ion  f i x e s  a r e  en- 
t i r e l y  t o o  coa r se  t o  be u s e f u l .  Even convenient ly  s i t u a t e d  i s l a n d s  do  n o t  n e c e s s a r i l y  
provide  s a t i s f a c t o r y  r e f e r e n c e  p o i n t s .  Unless t h e  p o s i t i o n  of  t h e  i s l a n d s  has  been 
c a r e f u l l y  e s t a b l i s h e d  and r e l a t e d  t o  t h e  t r i a n g u l a t i o n  system con ta in ing  t h e  t r a n s -  
mitters,  t e s t  r e s u l t s  are a p t  t o  be inconc lus ive .  

To d e r i v e  maximum use fu lness  from Loran-C, e s p e c i a l l y  over  l and ,  more exper imenta l  
r e sea rch  on groundwave propagat ion  i s  needed t o  p r e d i c t  t h e  g r i d  more a c c u r a t e l y .  The 
needed r e sea rch  can now be done because of t h e  v a s t  improvements i n  o s c i l l a t o r  s t a b i l i t y  
t h a t  have been made s i n c e  t h e  Cytac t es t s .  The o s c i l l a t o r s  used i n  Cytac had a s t a b i l i t y  
of only 1 p a r t  i n  l o 8 ,  compared t o  t h e  p r e s e n t  p o r t a b l e  cesium-beam, ba t t e ry -ope ra t ed  
o s c i l l a t o r s  t h a t  a r e  now a v a i l a b l e .  According t o  d a t a  publ i shed  by Hewlett-Packard 
(Boci ly ,  1965) ,  t h e i r  s t a b i l i t y ,  even under f l i g h t  cond i tons ,  r i v a l s  t h a t  of t h e  primary 
s t anda rds .  By us ing  h igh ly  s t a b l e  o s c i l l a t o r s  a t  t h e  master t r a n s m i t t e r ,  and i n  a 
s p e c i a l l y  equipped a i r c r a f t ,  one-way t ransmiss ion- t ime measurements can be made. More 
d e s c r i p t i o n  w i l l  fo l low s h o r t l y ,  b u t  t h e  impor tan t  a s p e c t  of t h e  one-way measurement 
i s  t h a t  t h e  e f f e c t  on t h e  phase of d i f f e r e n t  pa th  parameters  can be s t u d i e d  i n  d e t a i l .  
As an e x t r a  bonus, t h e  a d d i t i o n a l  independent  measurement would make it p o s s i b l e  t o  
compute t h e  t r ansmiss ion  t i m e s  from t h e  s l a v e s  t o  the  r e c e i v e r  from t h e  t ime-d i f f e rence  
measurements. 

The essence  of t h e  o s c i l l a t o r  s t a b i l i t y  requirement  i s  t h a t  t h e  t r a n s m i t t e r  and 
a i rbo rne  o s c i l l a t o r s  must main ta in  the same frequency w i t h i n  s u f f i c i e n t l y  c l o s e  l i m i t s  
so  t h a t  t h e  cumulat ive,  r e l a t i v e  phase d r i f t  w i l l  be n e g l i g i b l e  du r ing  t h e  t i m e  t h e  
measurements a r e  made. For p r a c t i c a l  measurements, t h e  cumulat ive phase d r i f t  should  
be h e l d  t o  about  0 . 1  ps ( p r e f e r a b l y  less) over  a pe r iod  of 2 t o  4 hours .  Accuracy of 
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0.1  PS would be s u f f i c i e n t  t o  provide  q u i t e  u s e f u l  d a t a  and t y p i c a l  measurement f l i g h t s  

would gene ra l ly  n g t  r e q u i r e  more than  about  4 hours .  By s u b s t i t u t i n g  a p r e c i s i o n  o s c i l -  
l a t o r  for t h e  o s c i l l a t o r  normally used i n  a nav iga t ion  r e c e i v e r ,  and by making p r o v i s i o n  
t o  r eco rd  t h e  mas ter  phase s e r v o  r e l a t i v e  t o  t h e  s t a n d a r d ,  t he  t r ansmiss ion  t i m e  of t h e  

master s i g n a l  between two p o i n t s  can be measured independent ly  o f ,  and wi thout  i n t e r -  
f e rence  t o ,  t h e  normal func t ions  of t he  r e c e i v e r .  

A s  mentioned ear l ier ,  c e r t a i n  cau t ions  must be observed i n  making o rd ina ry  t i m e -  
d i f f e r e n c e  measurements i n  an a i r c r a f t .  The a d d i t i o n  of a p r e c i s i o n  o s c i l l a t o r  t o  t h e  
a i rbo rne  equipment would in t roduce  a d d i t i o n a l  reasons  f o r  e x e r c i s i n g  care. Also,  t o  
make e f f e c t i v e  use  of t h e  phase-measuring p o s s i b i l i t i e s  a p r e c i s i o n  o s c i l l a t o r  would 
p rov ide ,  c e r t a i n  a u x i l i a r y  equipment would be  most u s e f u l  and perhaps  necessa ry .  The 
fo l lowing  i s  an e s t i m a t e  of t h e  problems and l i m i t a t i o n s  t o  t h e  measurement procedures  
t h a t  could be  used. 

The ideal o p e r a t i n g  environment normally a s s o c i a t e d  wi th  frequency s t anda rds  cannot  
be d u p l i c a t e d  i n  an a i r c r a f t .  The n e a r e s t  approach t o  t h a t  environment which i s  
g e n e r a l l y  a v a i l a b l e  i s  provided by commercial j e t  a i r c r a f t .  For passenger  comfor t ,  
t empera ture  v a r i a t i o n s  a r e  l i m i t e d  t o  a few degrees  and n o i s e  and v i b r a t i o n  are minimized. 
P res su re  v a r i a t i o n s  are a l s o  minimized. I n  good f l y i n g  weather ,  i n e r t i a l  f o r c e s  are 
sma l l  b u t  t hey  cannot  be e l imina ted .  O s c i l l a t o r s  wi th  wel l -designed s o l i d - s t a t e  cir- 
c u i t r y  and e x c e l l e n t  c r y s t a l  ovens also seem t o  perform q u i t e  w e l l  i n  t h i s  s o r t  of en- 
vironment as evidenced by s e v e r a l  experiments  c a r r i e d  o u t  by t h e  Radio S tandards  Labora- 
t o r y  of N B S .  I n  t h e s e  exper iments ,  p o r t a b l e  c locks  were "hand-car r ied"  on commercial 
a i r l i n e s  s e v e r a l  t i m e s  wi th  no obvious deg rada t ion  of o s c i l l a t o r  performance. How 
s a t i s f a c t o r i l y  p r e c i s i o n  phase measurements can be made i n  t h e  a i r  has  y e t  t o  be demon- 
s t r a t e d ,  b u t  t h e  out look  i s  very  f avorab le .  Furthermore,  o s c i l l a t o r  performance can be 
eva lua ted  by r epea ted  measurements. 

A v e r t i c a l  camera on a g y r o - s t a b i l i z e d  mount e q u i v a l e n t  t o  t h a t  used i n  t h e  Cytac 
t es t  would be e s s e n t i a l  t o  e s t a b l i s h  t h e  p r e c i s e  l o c a t i o n  of t h e  a i r c r a f t  f o r  c o r r e l a -  
t i o n  wi th  t h e  phase-d i f fe rence  r ead ings  when o t h e r  p r e c i s e  l o c a t i o n  methods are n o t  
p o s s i b l e .  For  some measurements it would be most d e s i r a b l e  t o  main ta in  a c o n s t a n t  
phase-d i f fe rence  r ead ing  i n  o r d e r  t o  minimize e r r o r s  t h a t  could be in t roduced  by t h e  
f i n i t e  response  t i m e  of t h e  se rvos .  A f u r t h e r  c o n s i d e r a t i o n  i s  t h e  n e a r  i m p o s s i b i l i t y  
of "hand-f lying" an a i r c r a f t  a c c u r a t e l y  a long  a c o n s t a n t  phase-d i f fe rence  course .  For  
t h a t  r eason ,  it i s  necessary  t o  provide  a coupl ing  dev ice  t o  f eed  phase in fo rma t ion  t o  
t h e  a u t o p i l o t  i n  such a way t h a t  t h e  a i rcraf t  can be  guided au tomat i ca l ly  a long  an a r b i -  
t r a r y  c o n s t a n t  phase -d i f f e rence  course .  An elementary coup le r  of t h i s  n a t u r e  w a s  used 
i n  t h e  Cytac  tests wi th  good r e s u l t s .  The same b a s i c  i d e a  could be used i n  combination 
wi th  t h e  stable o s c i l l a t o r s  and v e r t i c a l  camera t o  map contours  of c o n s t a n t  phase around 
t h e  m a s t e r  t r a n s m i t t e r .  The a b s o l u t e  va lue  of t h e  phase can be determined by c o r r e l a t -  
i n g  t h e  phase contour  map wi th  t h e  b a s e l i n e  ex tens ion  measurements. 

A t y p i c a l  master s t a t i o n  l o c a t i o n ,  t h e  b a s e l i n e  e x t e n s i o n s ,  and contours  of con- 
s t a n t  phase are i l l u s t r a t e d  i n  f i g u r e  9 .5 .  I t  i s  assumed t h a t  t h e  area i s  a c c u r a t e l y  
mapped t o  an a p p r o p r i a t e  scale so t h e  v e r t i c a l  photographs can be c o r r e l a t e d  wi th  
l and  marks and topographic  f e a t u r e s .  An impor t an t  a s p e c t  of  f l y i n g  t h e  contours  of 
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F i g u r e  9 . 5 .  T y p i c a Z  m a s t e r  s t a t i o n  Z o c a t i o n  

cons tan t  phase i s  t h a t  t h e  o s c i l l a t o r  performance can be eva lua ted  q u a n t i t a t i v e l y  by 
making two o r  more c i r c u i t s  of t h e  same contour .  
t h e  a i r c r a f t  should r e t r a c e  i t s  t r ack  r a t h e r  p r e c i s e l y .  I f  t h e r e  i s  d r i f t ,  t h e  t r a c k  
w i l l  be a s p i r a l ,  e i t h e r  inward o r  outward,  depending on t h e  d i r e c t i o n  of  t h e  d r i f t .  

The magnitude of t h e  d r i f t  can be c a l c u l a t e d  s imply from t h e  d a t a .  

I f  t h e r e  i s  no o s c i l l a t o r  d r i f t ,  

I t  is t o  be poin ted  o u t ,  however, t h a t  t h e  above assumes t h a t  t h e  master phase 
informat ion  i s  t r a n s l a t e d  p e r f e c t l y  i n t o  aircraft  p o s i t i o n .  
i s  always in t roduced  i n  t h e  t r a n s l a t i o n  p rocess .  
n o i s e ,  and l e s s  than c r i t i c a l  damping i n  t h e  a u t o p i l o t  and coup le r  s e rvo  systems w i l l  
cause t h e  a i r c r a f t  t o  f l y  a s l i g h t l y  o s c i l l a t o r y  course  abou t  t h e  a c t u a l  phase con- 
t o u r .  Experience wi th  t h e  a u t o p i l o t  coupler  du r ing  t h e  Cytac tests i n d i c a t e d  t h a t  no 
s e r i o u s  t r o u b l e  should be expec ted  b u t  improper ad jus tments  cannot  be t o l e r a t e d .  

I n  p r a c t i c e ,  some n o i s e  
For  example, wind can cause some 

Since  t h e  master  phase s e r v o  i s  b a s i c a l l y  a synchroniz ing  d e v i c e ,  any a r b i t r a r y  
p o i n t  of phase lock must be r e l a t e d  t o  t h e  t o t a l  phase by e x t e r n a l  means. 

a c r o s s  t h e  b a s e l i n e  ex tens ions  on a cons t an t  phase con tour ,  a t  o r  near  a p o i n t  where 
de lay  measurements have been made, would provide  a unique oppor tun i ty  t o  e s t a b l i s h  
t h a t  r e l a t i o n s h i p .  Once e s t a b l i s h e d ,  t h e  contours  would r e p r e s e n t  n o t  on ly  cons t an t  
phase,  b u t  cons t an t  t o t a l  phase or t ransmiss ion .  

F l y i n g  

I f  t h e  a i r c r a f t  i s  flown a t  a cons t an t  speed ,  d i r e c t l y  toward o r  away from a t r a n s -  
m i t t e r ,  t h e  r a t e  of change of phase r e l a t i v e  t o  t h a t  t r a n s m i t t e r  i s  maximum and c o n s t a n t  

except  f o r  t h e  in f luence  of  t h e  secondary c o r r e c t i o n s .  When t h e  rate of change of phase 
i s  cons t an t ,  o r  very nea r ly  so, t h e  rate s e r v o s '  f u n c t i o n  should be n e a r l y  p e r f e c t .  
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I n  t h i s  s i t u a t i o n ,  t h e  phase-d i f fe rence  r ead ings  should be n e a r l y  as a c c u r a t e  as when 
f l y i n g  a c o n s t a n t  phase contour .  Care must be taken  t o  avoid  the  p o s s i b i l i t y  of e r r o r s  
when r e l a t i n g  t h e  master phase r ead ing  t o  a known p o s i t i o n  nea r  t h e  c o n s t a n t  phase con- 
t o u r s .  For t h a t  r eason ,  t h e  most conse rva t ive  procedure would be t o  f l y  d i r e c t l y  toward 
t h e  s t a t i o n  long  enough f o r  t h e  m a s t e r  s e rvos  t o  reach  a s t e a d y - s t a t e  cond i t ion  before 
reach ing  t h e  r eg ion  c a l i b r a t e d  wi th  t h e  c o n s t a n t  phase contours .  A f t e r  a c o r r e l a t i o n  
between t h e  master  phase r e a d i n g  and a c a l i b r a t e d  p o i n t  i s  e s t a b l i s h e d ,  t h e  a i r c r a f t  
may be maneuvered a s  d e s i r e d  t o  t a k e  up ano the r  cour se ,  provide? synchron iza t ion  i s  
n o t  l o s t .  

I n  g e n e r a l ,  any s t r a i g h t - l i n e  course  could be flown, b u t ,  u n t i l  o s c f l l a t o r  d r i f t  
has  been proved n o t  t o  be a l i m i t i n g  f a c t o r ,  it is assumed t h a t  f l i g h t s  should  be 
planned t o  o b t a i n  propagat ion  d a t a  ove r  as l a r g e  an a r e a  as p o s s i b l e  i n  minimum t i m e .  
Radia l  f l i g h t s  from t h e  master t r a n s m i t t e r  wi th  r e t u r n  t o  t h e  i n i t i a l  c a l i b r a t i o n  
p o i n t  would best s e r v e  t h a t  purpose.  Return ing  v i a  t h e  same r o u t e  would show t h e  
r e p e a t a b i l i t y  of t he  r ead ings  and would a l s o  provide  a d i r e c t  measure of t h e  average 
o s c i l l a t o r  d r i f t .  

A b a s e l i n e  invo lv ing  mixed c o n d u c t i v i t y ,  p a r t  l and  and p a r t  s e a  water, f o r  
example, o f f e r s  a unique oppor tun i ty  t o  make measurements t h a t  would show conc lus ive ly  
whether  t h e  secondary c o r r e c t i o n  i s  t h e  same i n  30 th  d i r e c t i o n s  over  t h e  same pa th .  
I f  t h e  method of t r e a t i n g  t h e  secondary phase c o r r e c t i o n  over  mixed conduc t iv i ty  p a t h s ,  
proposed by Mi l l i ng ton  ( g e n e r a l l y  c a l l e d  M i l l i n g t o n ' s  Method), i s  c o r r e c t ,  measurements 
should  a t  l e a s t  show g e n e r a l  agreement wi th  t h e  theory .  To t h e  a u t h o r ' s  knowledge, 
Mi l l i ng ton  ' s  Method has  n o t  been completely checked exper imenta l ly .  

Propagat ion  over  rough t e r r a i n  of  mixed conduc t iv i ty  i s  a very real  and p r a c t i c a l  
problem; however, a t  p r e s e n t ,  t h e r e  is no recognized formal  method of p r e d i c t i n g  e i t h e r  
t h e  ampli tude or phase of a r a d i o  wave i n  t h a t  very  o rd ina ry  s i t u a t i o n .  For yea r s  it 
has  been w e l l  known t h a t  t h e  performance of r a d i o  systems i s  g e n e r a l l y  less s a t i s f a c t o r y  
i n  mountains than  e l sewhere ,  b u t  l i t t l e  has  been done toward coming t o  g r i p s  wi th  t h e  
problem because of  i t s  complexi ty .  

Loran-C, i n  combination wi th  s table  o s c i l l a t o r s ,  o f f e r s  a new approach t o  phase 
measurements t h a t  has  promise of  i s o l a t i n g  t h e  e f f e c t  of t h e  d i f f e r e n t  p a t h  parameters .  
The e f f e c t s  of conduc t iv i ty  and roughness  may be i n d i s t i n g u i s h a b l e ;  however, t h e r e  is 
some evidence  t o  i n d i c a t e  t h a t  t hey  may be q u i t e  d i f f e r e n t .  According t o  g e n e r a l l y  
recognized  groundwave t h e o r y ,  phase changes due t o  conduc t iv i ty  a lone  should be smooth 
and ve ry  s m a l l  i n  t e r m s  of us p e r  m i l e .  

The Cytac tes ts  sugges t  t h a t  p a r t  o f  t h e  e f f e c t  of mountains i s  e q u i v a l e n t  t o  
i n t r o d u c i n g  scatter f i e l d s .  The concept  of scatter f i e l d s  seems necessary  t o  e x p l a i n  
t h e  phase changes which were observed ove r  d i s t a n c e s  cons iderably  less than  1 wavelength. 

These v a r i a t i o n s  were more or less random, a s  miah t  be expected i f  a number of s i n u s o i d a l  
p e r t u r b a t i o n s  were combined. However, t h e  smoothed or averaged t ime-d i f f e rence  r ead ings  
showed changes w i t h  d i s t a n c e  which w e r e  slower than  should be a s s o c i a t e d  wi th  s c a t t e r  
f i e l d s  b u t  were more r a p i d  than  can reasonably  be i n f e r r e d  from NBS C i r c u l a r  573 
( J o h l e r  e t  a l .  1956) .  
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The impl i ca t ion  i s  t h a t  mountainous t e r r a i n  involves  c o r r e c t i o n s  which are  n o t  
implied i n  t h e  groundwave theory  based on a smooth e a r t h .  The na tu re  of such cor rec-  

t i o n s  n o t  taken  i n t o  account  i n  t h e  p r e s e n t  theory  provides  some sugges t ions  f o r  
f u r t h e r  i n v e s t i g a t i o n .  

1. The conduc t iv i ty  t o  a depth of s e v e r a l  f e e t ,  o r  even t e n s  of  f e e t ,  i s  s i g -  

n i f i c a n t  i n  t h e  propagat ion  of t h e  low-frequency groundwave. While it may 
be assumed t h a t  " f i n e  g r a i n "  v a r i a t i o n s  i n  conduc t iv i ty  a r e  unimportant ,  
such cons ide ra t ions  a s  geo log ic  s t r u c t u r e  and depth of water  table f r e q u e n t l y  
ex tend  over  many wavelengths and may c o n s t i t u t e  s i g n i f i c a n t  s t r a t i f i c a t i o n  of 
conduc t iv i ty .  A mod i f i ca t ion  of t h e  theory  i s  r equ i r ed  t o  d e s c r i b e  such a 
s i t u a t i o n .  

2 .  Natura l  e ros ion  t ends  t o  d e p o s i t  s o i l  from t h e  mountain s lopes  i n  t h e  v a l l e y s ,  
and, i n  combination wi th  t h e  g r e a t e r  amounts of water  i n  t h e  v a l l e y s ,  t h e r e  
i s  a tendency toward a network of more h igh ly  conduct ing s t r i p s  sur rounding  
t h e  mountains, 

3. Fores ted  r eg ions  probably p r e s e n t  a more d i f f u s e  e a r t h - a i r  boundary than  
nonfores ted  r eg ions  because of t h e  conduc t iv i ty  of t he  trees.  Whether t h i s  
i s  s i g n i f i c a n t  a t  1 0 0  kHz i s  n o t  p r e s e n t l y  known b u t  t h e o r e t i c a l  i n v e s t i g a -  
t i o n  of t h e  problem appears  t o  be  i n  o r d e r .  

4 .  Topographic f e a t u r e s  probably cannot  be cons idered  r e a l i s t i c a l l y  on t h e  b a s i s  
of shape a lone .  Other parameters ,  e s p e c i a l l y  conduc t iv i ty  and s t r a t i f i c a t i o n ,  
a lmost  c e r t a i n l y  must be t r e a t e d  s imul taneous ly .  

I t  has  been caut ioned  that  a i r c r a f t  speed and s e r v o  response  t i m e  a r e  impor tan t  i n  
making phase measurements. Conversely,  it i s  poin ted  o u t  t h a t  a t  speeds of t h e  o r d e r  
of 500 mph, t h e  d i s tu rbances  which are presumably due t o  s c a t t e r  f i e l d s  could be l a r g e l y  
averaged o u t  by appropr i a t e  choice  of t i m e  cons t an t s  and/or d a t a  p rocess ing  techniques .  
I t  seems u n l i k e l y  t h a t  s c a t t e r  f i e l d s  can be r e l i a b l y  p r e d i c t e d ,  b u t  it may be p o s s i b l e  

t o  remove t h e i r  degrading e f f e c t  on system accuracy f o r  a i r  nav iga t ion .  

The more s lowly vary ing  (wi th  d i s t a n c e )  c o r r e c t i o n s  which a l s o  seem t o  be a s s o c i a t e d  
wi th  mountainous t e r r a i n  may be p r e d i c t a b l e ,  a t  l e a s t  i n  p a r t .  A p o s s i b l e  approach t o  
t h e  problem would be t o  t h e o r e t i c a l l y  work o u t  t h e  propagat ion  over  s e v e r a l  a r b i t r a r y  
pa ths  us ing  rea l i s t ic  assumptions r ega rd ing  conduc t iv i ty  and topographic  f e a t u r e s .  
Later ,  a t tempts  should be made t o  p r e d i c t  t h e  propagat ion  over  s p e c i f i c  pa ths  where 
measurements can be made. The e a s t e r n  and e a s t - c e n t r a l  U.S. would be idea l  f o r  measure- 
ments, n o t  only because of t h e  a v a i l a b i l i t y  of good s i g n a l s  b u t  a l s o  because of t h e  ex- 
t e n s i v e  topographic  and g e o l o g i c a l  d a t a  f o r  t h a t  r eg ion .  I t  i s  t o  be assumed t h a t  
r e l a t i n g  conduc t iv i ty  t o  t h e  geology of a r eg ion  would be a d i f f i c u l t  t a s k  , b u t  it would 
s e e m  f u t i l e  t o  a t tempt  such r e sea rch  wi thout  a maximum of presumably p e r t i n e n t  p h y s i c a l  
d a t a .  

From a p r a c t i c a l  eng inee r ing  s t a n d p o i n t ,  it would seem d e s i r a b l e  t o  r e f i n e  t h e  
t ime-di f fe rence  p r e d i c t i o n s  by success ive  approximations such a s  t h e  a c o r r e c t i o n s  
mentioned earlier.  To what e x t e n t  such a procedure might be f e a s i b l e  i s  l a r g e l y  a 
ma t t e r  of s p e c u l a t i o n  a t  p r e s e n t .  I n  any e v e n t ,  t h e r e  appears  t o  be no s u b s t i t u t e  
f o r  t h e  combination of r igo rous  t h e o r e t i c a l  t r ea tmen t  and c a r e f u l l y  c o n t r o l l e d  suppor t -  
i n g  experiments .  
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11. GLOSSARY OF SPECIALIZED TERMS AND SYMBOLS 

1. Loran and Loran-type Naviga t ion  Systems 

Loran-A - Standard  Loran o r  2-MHz l o r a n .  
Loran-B - S i m i l a r  t o  Loran-A wi th  phase measuring added. 

Data c l a s s i f i e d .  

Loran-C - 100-kHz system. Measure phase and envelope t i m e  
d i f f e r e n c e s .  

Loran-D - A tac t ica l  v e r s i o n  of  Loran-C. 
LF Loran - S i m i l a r  t o  Loran-A b u t  used a t  180 kHz. 
Cyclan - A two-frequency p u l s e  system (160 and 180 kHz). 

Cytac - A radio-bombing system. The nav iga t ion  p o r t i o n  w a s  
Phase and envelope t i m e  d i f f e r e n c e s  w e r e  measured. 

renamed Loran-C. 

2 .  CW Navigation Systems 

Omega - A long-range VLF/cw nav iga t ion  system i n  opera-  

Whyn - A h y p e r b o l i c  low-frequency FM/cw system developed 
t i o n a l  usage.  

between 1946 and 1950. This  system w a s  dropped 
i n  f a v o r  of  t h e  p u l s e  system. 

A t  ranges  where t h e  groundwave is very much s t r o n g e r  than 
t h e  skywave ( g e n e r a l l y  less than  200 m i l e s ) ,  i t s  accuracy 
i s  s imi l a r  t o  t h a t  of Loran-C. 

Decca - A s h o r t  range  LF CW hype rbo l i c  nav iga t ion  system ( B r i t i s h ) .  

3. Loran-C Transmi t t e r  Des igna t ions  

AN/FPN- 1 5  
AN/FPN- 3 9 

AN/FPN-42 

AN/FPN- 45 

4 .  Loran-C Receiver Des igna t ions  

EAR - Experimental  a i r b o r n e  r e c e i v e r  (Cytac)  . 
GMR - Ground-monitoring r e c e i v e r  (Cytac) . 
AN/SPN-2 8 
AN/SPN-29 
AN/SPN-30 
LR-101 
LR-201 ( t iming)  
EECO-885 ( t iming)  
Lorchron ( t iming)  
Austron ( t iming)  

5. S t a t i o n  I d e n t i f i c a t i o n  Symbols 

M - master  
X,Y,Z - s l a v e s .  (During t h e  Cytac t es t s ,  t h e  s l a v e s  w e r e  i d e n t i f i e d  

SI and S 2 ) .  
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6 .  

7 .  

8. 

9 .  

10. 

11. 
1 2 .  

13. 

14. 

15. 

1 6 .  

11. 

18. 

1 9 .  

20 .  

2 1 .  

22. 

23. 

Base l ine  Extension (BLE) - The ex tens ion  of t h e  l i n e  (geode t i c  a r c )  

j o i n i n g  a master  and s l a v e  s t a t i o n .  

Chain - A group of t h r e e  o r  fou r  synchronized l o r a n  t r a n s m i t t e r s  
which provide  a nav iga t ion  g r i d .  

Coding Delay (CD)  - The t i m e  i n t e r v a l  between t h e  a r r i v a l  of t h e  
mas ter  s i g n a l  a t  a s l a v e  s t a t i o n  and t h e  t r ansmiss ion  of t h e  
s l a v e  s i g n a l .  The word c o d i n g  w a s  app l i ed  t o  t h e  d e l a y  i n s e r t e d  
a t  t h e  s l a v e  s t a t i o n s  du r ing  t h e  f i r s t  use  of l o ran  t o  d e s c r i b e  
t h e  scheme of changing t h e  t ime-d i f f e rence  r ead ings  t o  minimize 
t h e  p o s s i b i l i t y  of t h e  enemy making use  of t h e  system. The t e r m  
became f i rmly  e s t a b l i s h e d  and has  remained i n  use i n  connect ion 
wi th  a l l  lo ran  systems.  

FCC - Federa l  Communications Commission 

ICAO - I n t e r n a t i o n a l  C i v i l  Avia t ion  Organiza t ion  

IRAC - In t e rdepa r tmen ta l  Radio Advisory Committee ( U . S . )  

I R I G  - I n t e r n a t i o n a l  Range Ins t rumen ta t ion  Group 

ITU - I n t e r n a t i o n a l  Telecommunications Union 

LOP - Line of P o s i t i o n  

Loran Rates  - The p u l s e  r e p e t i t i o n  r a t e s  a t  which s i g n a l s  are t r a n s -  
mi t t ed .  D i f f e r e n t  r a t e s  a r e  used t o  d i s t i n g u i s h  one cha in  
from another  (see sec. 7). 

M i l l i n g t o n ' s  Method - A procedure f o r  computing t h e  phase c o r r e c t i o n  
over  pa ths  of mixed conduc t iv i ty .  The c o r r e c t i o n  is computed 
f o r  each s e c t i o n  of  t h e  pa th  as desc r ibed  i n  NBS C i r c u l a r  513. 
Computations are made, t r a v e r s i n g  t h e  pa th  i n  both d i r e c t i o n s .  
I n  g e n e r a l ,  a d i f f e r e n t  va lue  i s  computed f o r  each d i r e c t i o n .  
The average of t h e  two va lues  i s  used. 

. 

Phase Coding - A scheme of changing t h e  phase of  t h e  p u l s e s  w i t h i n  
a group t o  minimize pulse- to-pulse  skywave i n t e r f e r e n c e  and t o  
reject  synchronous i n t e r f e r i n g  s i g n a l s .  Master and s l a v e s  use  
d i f f e r e n t  phase codes f o r  s i g n a l  i d e n t i f i c a t i o n .  

RTCA - Radio Technica l  Commission f o r  Aeronaut ics  ( U . S . )  

RTCM - Radio Technica l  Commission f o r  Marine s e r v i c e s  ( U . S . )  

Serv ice  A r e a  - Region where u s e f u l  f i x e s  can be ob ta ined .  The reg ion  
i s  f r equen t ly  de f ined  by a contour  which bounds an area of spec i -  
f i e d  f i x  accuracy.  

Skywave Delay - The t i m e  i n t e r v a l  between t h e  a r r i v a l  of t he  ground- 
wave and t h e  v a r i o u s  skywave r e f l e c t i o n s .  

Total Phase - Synonomous wi th  t r ansmiss ion  l i n e .  

UT2 - A des igna t ion  used t o  d e f i n e  a u n i v e r s a l  t i m e  s t anda rd .  
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